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ABSTRACT

The heat transfer characteristics of a liquid in vertical
upflow in a tube in which the critical heat flux has been exceeded
is investigated. Using a novel transient experimental technique
the entire forced convection boiling curve for liquid nitrogen
was obtained for a given mass flux-quality combination from which
parametric effects of heater material, surface roughness and oxide
scale, and dryout length on the dry wall film boiling region were
determined.

The results show that both increased roughness and oxide scale
increase the post critical heat transfer. Increasing the dryout
length decreases the heat transfer at a given mass flux-quality
combination due to thermal nonequilibrium effects. No material effects
were noted. Post critical heat transfer data is presented for a
0.4 ipch I.D. tube at mass velocities of 30,000 to 220,000 lbm/
hr-ft~ for a quality rangg of 5 to 90 percent. Heat fluxes of
1,000 to 25,000 btu/hr-ft~ at wall superheats, (T all = sat)’
from 50 to 550 F were obtained.

A post critical heat transfer prediction scheme has been
developed from the simplification of an existing dispersed flow
film boiling model which predicts the transient nitrogen data
within approximately 10%. The scheme gives the correct
functional dependence of mass flux dryout quality, dryout length,
and wall superheat, (T 11 ), due to the implicit
inclusion of thermal ngnequiligrium effects.

A preliminary comparison of the post critical heat transfer
prediction scheme with post dryout water and Freon 12 data
indicates similar results.

Procedures are also presented that allow one to obtain the
upper and lower bounds to the post critical heat transfer.
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NOMENCLATURE

area

correlating coefficients to Equation (4.
drag coefficient

specific heat

specific heat at constant pressure
specific heat at constant volume

tube diameter

diameter

friction factor

force

acceleration due to gravity (4.17 x 108)
mass flux o;—mass velocity

latent heat of evaporation

latent heat of evaporation (corrected by
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thermal conductivity

Correlating constant for the Forslund wall-
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length
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pressure
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o
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ft

ft

1bf
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1bm/Lr-ft

Btu/1bm

Btu/1lbm
Btu/hr—ftz-oF

Btu/hr—ft—oF

ft
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Prandtl nuﬁber
surface heat flux
heat flow

radius

gas constant
Reynolds number
slip ratio
Schmidt number
thichness

time

temperature

contact boundary temperature at the

liquid-wall interface

initial wail temperature

intial liquid temperature

velocity

volume

saturated and superheated vapor velécit§

Weber number

quality

void fraction
Cp/Cv

drop diameter

correlating constant for the Groeneveld wall-
to-drop heat transfer coefficient (Equation

(3.23))

ucp/k
Btu/hr-ft2
Btu/hr

ft
Btu/1bmSR
pVD/u
Vg/Vz

ft

ft/hr

ft3

ft/hr

2
PV, - V,)D/0
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K slope of linear approximation to X, vs

XE curve in post dryout (Equation " (4.1)) -
o density lbm/ft3
u dynamic viscosity 1bm/hr-£ft
o surface tension . lbm/hr2
T &y Toga " - ) . -
AT, AT (T 1; = Tgoy) ‘ °r
At incremental time - hr
AX incremental length ft

Subscripts

A actual

crit | critical

d drag

E equilibriuﬁ-

f film temperature (Tv+ Tw)/2 --- wall-to-vapor terms
(T, * Tsat)/Z - wall-to~drop terms

g gravity

g saturated vapor )

DO dryout

CHF critical heat flux

L liquid

min minimum

o initial, at last shatter

sat, s saturated value

v vapor

wall, v heated wall
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wall to sdturated or superheated vapor
wall to drop

refers to droplet

insulation

copper

air

micarta

rubber O-ring

defined in Fig A2
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1. Introduction

1.1 General Description of Problem:

For centuries man has known that a liquid can be con-
verted to vapor by a suitable application of hea£>and with
his seemingly unlimited ingenuity has exbahded this know-
ledge to the point where he is now capable of converting,
with giant nuclear reactors, tremendous amounts of energy
for performing useful work. But in sharp contrast to this
high level of technical competence in energy conversion,
the knowledge and understanding of its basic underlying
principles, specifica;ly that of boiling heat transfer
and two phase flow phenomena, is still at an unexceptable
low level. i

Qualitatively, the physics of boiling heat transfer in
a convective system is quite well understood. When a heat-
ed surface is in contact with a fluid, the general heat
transfer behaviof of the heater can be‘described on what
is commonly referred to as a boiling curve. The boiliuyg
curve for a convective system which is similar to that
given in a pool boiling situation is plotted in terms of
the heater wall superheat defined as ('1‘wall - Tsat) on the
abscissa and heat flux from the heater surface on the
ordinate. Figure 1 gives a qualitative representation of

a boiling curve in forced convection. As most forced

convection boiling systems consist of a conduit (tube annulus,
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enclosed rod bundle) of somé length through which the fluid
is passed, Figure 1 represents the boiling characteristics
at a particﬁlar axial position in the conduit for a ziven
mass flux, o

The peculiar shape of the boiling curve is a result of
a change in the relationship of the liquid and generated
vapor to the heater surface as the surface heat flux is
increased. The nucleate boiling region has the liquid
completely attached to the heater surface with the vapor be-
ing generated from prefer?ed cavities. This is a very
effective heat transfer mode where tremendous amounts of
heat can be transferréd for low wall superheats. But if
the surface heat giux exceeds the critical heat flux value
given by point A, the wall becomes dry with the vapor
insulating the liquid from the surface causing the wall
temperature to rapidly increase to point B*., This region
is called the drywall film boiling region‘or the post
critical heat transfer region. The term, post critical
heat transfer is actually used to define the entire boiling
curve to the right of the maximum nucleate boiling temp-
erature, thereby including the transition region, whereas
the term, dry wall film boiling, only includes that part

of the boiling curve starting from peint D. The two terms

*Consideration is made of the possibility of direct liquid
wall contact in film boiling which is discussed in section
2.7.4 as a possible explanation of the oxide effects ob-
served in experimental phase of this work.



20

are used interchangeably fof a heat flux controlled system
in which the transition region can not be maintained. In
this regime the heat transfer rates are two orders of
magnitude lower than in the nucleate regime. The vapor is
now generated at the vapor liquid interface and is capable
of superheating. Further increase in the heat flux to

the surface results in the surface temperature moving

up along the film boiling curve. Once the heater has
achieved a condition of stable film boiling it can return
to the wet wall nucleate ﬂoiling condition in one of two
paths, First it can return along path B-A once the heat
flux is reduced to thé critical heat flux value which
previously fofted‘ghat particular.axial position into the
film boiling mode or it can continue down further along the
film boiling curve until-the minimum heat flux is reached
thereby transitihg via path D-C. The surface can only
reach this lowerﬁbortioh of the film bdiliﬁg curve under
certain conditions. This portion of the curve can be
reached in a temperature controlled system such as a quench
process, or it can be reached in a heat flux controlled
system if there is no liquid reattached somewhere else

in thé heated conduit. It is the axial conduction inside
the body of the heater from the dry area to the wet area
of the heated surface that wipes out the hysteresis effect

and results ip the preferential path baing B-A for the
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transition back to complete wet wall conditions for the
heat flux controlled case.

The region between the minimum film boiling point and
maximum nucleate boiling point is the transition‘fegion
characterized by intermittant liquid attachment to the
heating surface and subsequent reevaporation. The
frequency of liquid contact increases with decreasing wall
superheat until liquid is completely reattached at the
maximum nucleate boiling superheat. This region is diff-
icult to define on the boiling curve as one instant,
liquid is in contact with the surface providing good heat
transfer and the qut instant the surface is dry giving
poor heat tra;sfer. The transition line drawn on Figure 1
is, therefore, a time average of the two extreme conditions.
Only a quench experiment or other types of temperature
controlled systems can provide data in this negatively
sloping region,‘and this data is only fhe average effect
of the large temperature and or heat £flux oscillations
produced at the heating surface.

From this simplified description of the forced
convection boiling picture one potentially dangerous
aspect stands out for such systems as evaporator tubes in
fossil fuel boilers or rod bundles in a water cooled

nuclear reactor. That is the rapid temperature

rise observed in going froem A te B. 1he temperature at B
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as the critical heat flux is exceeded, could be sufficient
to physically damage the heating surface. This tramsition
into the critical heat transfer mode can happen in many
types of boiling systems if the systems experienc; either

a flow loss or a power transient. In order to know just
what temperature the system will reach and thereby determin-
ing just how damaging the transition to post critical heat
transfer can be, a quantitative description of the post
critical heat transfer regime is necessary.

The nuclear reactor industry is currently placing
considerable emphasis,’through their safety analysis
programs, on the problem of accurately predicting the post
critical behaé&or in a reactor core. Their main concern
is to prevent the rod bundle from reaching a temperature
sufficient to melt the cladding material containing the
fissile material if a post critical situation occurs. Even
though there is aﬁ extremely low probability of this
happening the reactor designer must prove that emergency core
cooling systems are capable of cooling the reactor core
if it is perturbed out of the design conditions. The worst
accident postulated to perturb the reactor is that of a
loss-of-coolant accident, Local*, where one of the feed
lines to the reactor core is postulated to break. The flow

through the core slows down to a final value of zero and

due to this flow stoppage the reactor r~ore is tripped into

Superscripted numbers refer to refercnces at the back of the thesis,



23

a post critical boiling situation. The situation is
brought under control By the initiation of emergency core
cooling systems consisting of flooding water from the
bottom and spraying water from the top of the core. The
conservatism used in estimating the heat transfer rates
causes the calculated maximum cladding temperatures in
the core to reach the melting point of the metal. This
uncertainty factor can force the incdustry to cperate the
reactor at a reduced power level as a safety precaution.

1.2 Literature Survey:

Early attempts at understanding the film boiling

phenomenon consistgd of running experiments in order to
observe 1its fdndamental characteristics. The heat transfer
data was used to develop empirical film boiling correlations
applicable in the range for which the data was taken.
The bulk of the film boiling data obtained used such test
fluids as water,’?reoﬁ-ll3, Freon 12, iiquid nitrogen and
hydrogen, and some hydrocarbons. The geometries consisted
of tube, annular or multi rod, bundles.

Groeneveld in a recent publication2 does an excellent
summary of the entire film boiling investigation of the past
fifteen years. He not only lists 16 film boiling correl-
ations developed by various researchers but also presents

his own correlations based on the careful study of all

available filu boiling data. The general form of all the
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correlations produced is thé same and consists of a single
phase forced convection heat transfer coefficient using the
Reynolds and Prandtl numbers modified by a two phase flow
multiplier tc account for quality effects. The Groeneveld
correlation for tubes and annuli is presented here for

illustration.

d

P
Nu = a[Re (X + —3(1-x))]b pr ¢ vy (q/A)e
g g v

Py
(1.1)

P
y=1-.1%-1%a-x-*
Pg

Where the constants are given for either heat flux or no

heat flux dependancy as follows

No. of Rms
a . b c d e Points Error
7.75%x10"%  .902 1.47 -1.54 .112 704 11.6%
3.27x10"> .901 1.32 -1.50 0 704 12.4%

This equation with orlwgthout the heatiflux dependancy
correlates tne effects of mass flux, quaiity and fluid
properties on the post critical heat transfer coefficient.
As the mass flux increases for a constant quality, the heat
transfer coefficient increases. As the quality increases
for a constant mass flux, the heat transfer coefficient
increases at a decreasing rate until it starts decreasing
as the quality reaches 95-100%. The heat transfer

coefficient is based on the setvrated vapor temperatures
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and the quality variable is the equilibrium quality
calculated from a thermodynamic heat balance. The limit-
ation of the correlation to the data base is evident

as both the vapor temperature and actual quality cal-
culated by weight deviate from the equilibrium values in
post dryout. The correlation was developéd entirely from
post critical water data for the geometry indicated. The
mass flui range was .5 - 3.8 x 106 lbm/ht—ft2 and the
equilibrium quality rangeq from 10-90 percent. By taking

these ranges at face value one would assume that the

correlation would predict the case where G = .5 x 106 and
X = 10% . This is not necessarily true, however, as the

experimental téchniques from which the data for the
correlation was obtained links all low quality data with the
high mass flux runs. The converse is not always true but
one can say that all low mass flux data points had high
qualities associated wifh themn. Therefbre‘extrapolating
a correlation which correlates a low mass flux,high quality
data point within 107 is almost surely going to lead to
considerable uncertainties at low mass flux low quality
range.

ﬁecently Slaughterback3 conducted a parametric study
and comparison analysis of Groeneveld's correlation for tubes
only with four other film boiling correlations. The general

conclusion frem this study was that sigynificant descrepancies
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exist among the different correlations and between the
correlations and experimental data. This conclusion 1led
to statistical regressicon analysis4 of Groeneveld's
collection of data which resulted in a modified form of
the Groeneveld correlation including an empirical form-
ulation of the uncertainty bounds. The uncertainty bounds
are preseanted as upper and lower bounds on the heat transfer
with a 95% confidence limit. Again the same limitation
as discussed for the Groeneveld correlation applies for this
one.

Groeneveld as well as this author feels that the answer
to the problem of predicting film boiling heat transfer
does not lie in sfétistical manipulation of large amcunts
of da;a but instead in the complete understanding of the
physical phenomenon involved. .Considerable advancement was
made in this direction when Forslund5 of MIT and Bennett6 of
UKAEL independently developed goverﬁing differential
equations for the so-called dispersed flow film boiling
region. Both models have been subsequently revised, the
Bennett model by Groeneveld7 and the Forslund model by
Hyneks. Both of these models will be extensively compared
in Chapter II with the intension of taking the best points
of each of the models to give a resulting hybrid model
from which the generalized post critical heat transfer

correlation presented in this thesis will be derived.
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1.3 General Description of Post Dryout Heat Transfer

And Flow Regimes:

Experimentally, the post critical heat transEer regime
can be obtained in several ways which result in different
two phase flow patterns depending on the technique used to
generate the dryout condition. Most experimentors includ-
ing all those using water develop the dry wall condition
in the following manner. Flow of a particular mass fluk
and inlet quality is allowed into the uniformly heated tube
whose power is either zero or at a very low value. The
power is then increasea incrementally until the dryout
condition which starts from the exit moves into the tube to
the desired position. Figure 2 gives a qualitative picture
of this flow regime pattern and wall temperature
profile. It consists of an annular liquid film attached to
the heater surfaée withydroplets entrained’in vapor core
upstream of dryout and a dry wall with droplets dispersed
in a superheating vapor downstream. Characteristically this
is a high quality, high void dryout phenomenon (above 50%
void). This is of course dependent on a number of
parameters such as inlet quality, heat flux and mass flux as
well as the type of fluid used. (There is a possibility
of an upstream dryout which will not be treated here but

7
is discussed ian some detail in Section 11.3.3 of Groeneveld ).



WALL TEMPERATTRE

» Vapor

Nucleate Boiling ’r’ Dispersed Flow Film Boiling

DRYOUT

AXIAL POSITION
FIGURE 2 FLOW REGIME AND WALL TEMPERATURE PROFILE FCR HIGH VOID DRYOUT

87



29

The second technique used extensively by researchers
employing liquid nitrogen [5,8,9] consists of raising the
tube wall temperature at least above the minimum film
boiling temperature as indicated on the boiling cé¥ve in
Figure 1 before allowing the fluid to enter the tube. When
the fluid is finally allowed into the tube, a dryout con-
dition is set up throughout the entire heated tube length.
Figure 3 gives a qualitative picture of this flow regime
pattern. The flow pattern is initially that of a solid
liquid core separated from the heater surface by a vapor
film. The vapor-liquid interface has an unstable wavey
nature. As the void fraction increases, the liquid core
takes on a foa;y frothy characteristic which finally transits
into dispersed flow at some intermediate void. This
transition point is on the order of 5-107% quality for
nitrogen as its void fraction rises very rapidly with
quality. For liqéids whose ratio of vaﬂor density to 1liquid
density is much larger as with water and Freon 1Z this
transition point is generally higher due to a relatively
slower increase of void with quality. To this author's
knowledge no water data has been obtained using this tech-
nique supposedly due to the fear of melting the tube in the
start-up procedure. There is an advantage though to using
this technique. One is able to obtain film boiling data

in the region between the minimum heat Zlux line and the
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critical heat flux line on the boiling curve. That is
to say that this flow regime does exhibit the hyster-
esis effect where upon a particular point in the tube
can descend the film boiling curve below the eritical
heat flux line without traversing over into a wet wall
condition untii the minimum heat flux is reached.

This is an inherently unstable flow structure for
a uniformly heated tube for if the inlet quality to the
heated tube is below the quality at which dryout should
occur for the given systeﬁ mass flux and tube heat flux,
then the liquid front will want to move into the heated tube
to the position wherevthe quality is equal to quaiity at
which dryout was éalculated to occur. The forcing function
that prevents the liquid interface from moving into the
tube for this experimental technique is the heat gain in
through the electrical buss bar attached at the inlet
end of the heated tube. In the nitrogeh e%periments of
Forslund and Hynek the buss bar was a large copper elect-
rode whose temperature was somewhat higher than the tube
wall to which it was attached. This allowed a suffient
heat spike at the entrance to prevent tne liquid interface
from attaching itself to the heated tube. Hynek attached
a cooling devise to the electrical buss bar which cooled
the inlet region to such an extent that dryout could not

be achieved directly at the inlet to the heated tube.
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Further experimentation by Iloeje et allo using a buss bar
which could control the amount of heat into the inlet region
ot the tube resulted in the determination cf a threshhold
heat flux above which the minimum test section heat flux

at which liquid reattaches the inlet region was unaffected
by changes in heat flux in through the buss bar. Below this
value the rewetting at the entrance occurred at higher values
of test section heat fiux for lower heat fluxes in through
the buss bar.

This technique of initiating post critical conditions
directly at the inlet to the heated tube is similar in
purpose to the hot paéch technique used by Groeneveld to
obtain the iower portion of the film boiling curve. The
hot patch provides the spike which initiates film boiling
at a quality lower than the system mass flux and heat flux
would dictate. The dryout spreads up the remainder of the

heated tube as in the nitrogen experiments.
1.4 Scope of Research

An extensive experimental program was undertaken
utilizing a unique transient technique to obtain the entire
forced convection boiling curve for a vertical tube at one
specified mass flux and equilibrium quality combination for
nitrogen. The thermodynamic quality varied from 57 to

95% and the mass flux varied from 30,000 to 200,000 lbm/hr.ft>.
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The effect of scaling roughness and heater material on the
boiling curve were independentally investigated.

A comprehensive comparison of Hymek's and Groeneveld's
dispersed flow film boiling models with data avaiiable in
the literature was carried out. The original Hynek computer
code [8] was modified to include features of the Groeneveld
model when those features were deemed better than the
comparable feature in Hynek's code.

A generalized post critical heat fluk correlation
was developed after simplying assumptions were applied to
the modified dispersed‘flow mode. The correlation contains
all the thermal variables (excluding any surface effects)
known to affeé; the post critical heat tranmsfer. This
correlation can give upper and lower bounds for the heat
transfer as well as predict the data. The correlation
was not only compared against the transien; nitrogen data
obtained in this Qork wifh good success.but also predicted
steady state tube data for nitrogen, water and Freon 12

published in the literature with fair success.
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I1. Experimental Program
2.1 Concept of Forced Convection Transient Film

Boiling Experiment

In the process of choosing an experimental technique
for this work several important factors were considered.
First, an experiment had to be designed that would allow

for a detailed analysis of the minimum film boiling point
and the surface rewet phenomenon. The main criterion here
was tﬁat minimum film boiling data be obtained for part-
icular mass flux- quality combinations that was free from
axial conduction effects. That investigation was carried
out concurrenfiy Q&th this work by 0.C. Iloeje 28 for his
Ph.d thesis. Secondly, accurate data in the post critical
heat flux regime needed to be obtained for particular mass
flux-quality combinations in order to lend support to a
post critical heat flﬁxicorrelation. Also‘provisions had
to be incorporated in the experiment to allow for the
investigation of roughness, scale and material effects on

the two quantities in question. The idea of a transient

boiling experiment presented in this work very successfully

satisfied these criteria.
The concept of the experimental technique was taken
from the knowledge that a sufficiently hot body when im-

mersed in a liquid will quench and in doing so passes through
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all the regimes of boiling from dry wall film boiling
through the transition region to nucleate boiling.* For
this experiment the hot bodr consisted of a one inch long
thick walled tube combined with all the necessary- equipment
for passing the test fluid of a particular inlet mass fluk
and quality through it and a system for initially heating
the short tube into film boiling. The following sections
describe the transient section in detail as well as the

main loop related instrumentation.

2.2 Nitrogen Loop

The loop diagram for the experimental apparatus is
given in Figure 4. It’is a once through system employing
liquid nitrogén ag‘the test fluid. Aside from the adaption
of the transient test section to the discharge of the main
test section, the apparatus is essentially that used by
Iloeje et allo and a detailed description of the apparatus
can be found in fhat réport. |

The main test section, a uniformly heated 8 foot long
Inconel 600 tube 0.5 "O0.D. by 0.4" I.D., operates as a
preheater for the transient test section. In this manner
a two phase flow mixture with a particular quality and mass
flux can be supplied to the transient section. The pre-

heater was operated in one of two states, either a wet wall

condition or a drywall condition. The drywall length was

*See Section 2.71 for further discussion of this assumption
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varied by constructing a movable electrode that could be
bolted onto the preheater at any desired position. When
using this electrode the electrical supply cable previously
attached to the bottom buss bar was transferred to the new.
Data was taken for two dryout lengths, four feet and

eight feet.

2.3 Transient Test Section

A detailed drawing of the transient test section design
2 is given in Figure 5. The test section consists of a
one inch tube .4 I.D. by 1.0 inch 0.D. supported and
encased by a copper cup arrangement.' This cup allows the
specimen to be independently heated with steam supplied at
a temperature’of 220-250°F. The specimen is electrically
and thermally insulated from the supporting structure by
micarta insulators. (thermal conductivity of 0.2 BTU/hr—ftz)
whose contact areas were purposefully redqced to a minimum.
A combination of rubber O-rings, silicon rubber sealant and
compression of the cover assembly onto the specimen insure
that the steam and flowing nitrogen are completely separated.
The transient test section assembly was bolted onto the exit
of the preheater via connection flanges. Glass wool in-
sulation was wrapped around the transient section to reduce
heat gains in through the sides of the section. The elect-
rical supply cable for the top electrode to the preheater

was bolted to the brass cover of the transient section.
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The current was thus conducged through the copper casing
to the electrode.

The transient test section was specifically designed
to allow for the interchangeability of the test sﬁécimens.
The specimens included smooth Inconel-600, aluminum 1100
and copper pieces; roughened Inconel-600; and oxidized
Inconel-600. The smooth surfaces were rough drilled, bored
to within .003" - .005" of final size and then finished
with a Sunnen Products honing stone No. K12-395. Expected
roughness for the Inconel piece is fbout 5 microinches
(arithmetic average) and about 10 micro inches for the cop-
per and aluminum piece;. The actual surface finishes
were of this ofder‘of magnitude as determined by a profilo-
meter. The roughened Inconel-600 piece was produced by
‘boring and lapping as described for the smooth specimens
but at a diameter .003" less than the final .40 inches. A
series of left hahded and right handed fhre;ds, at 20
threads per inch and a depth of about .002 inches were theon
scribed on the inside surface. The average roughness for
this surface was on the order of 400 microinches.

The oxide coating of the Inconel-600 piece was
achieved by baking it in an oven for 2 hours at 1000° and
another hour at 1500°F. The hot piece was allowed to

cool gradually in air at each step. The resulting oxide

film was estimated to be .0001 inches or less.
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Transient test sectioﬁ design 2 is a modification of
an earlier design which was tested and found to have certain
deficiencies. These deficiencies centered around design 1's
inability to be completely insulated against extraneous
heat additions. Figure 6 shows a blowup of the encircled
area of Figure 5 where the two designs differ. The finned
type arrangement that protrudes from the transient piece
in design 1 is bad for two reasons. First it is capable
of transferring considerable heat from the base into the
transient piece as the small micarta sleeve does not supply
sufficient insulation, and secondly, the liquid front
attached to the preheéter is capable of attaching itself
to the fin quite éasily thereby causing axial conduction
effects., The small contact area and low conductivity of
the material fhat does contact the test specimen in design
2 reduce the heat gains to a greater extent. The copper
sleeve at the end of the preheater retards'the liquid front
in the preheater from coming close to the test specimen.
This is because the copper will tend to have a more uniform
temperature and any heat that is transferred to it from the
brass base will be more uniformly distributed preventing
the liquid from attaching it.

This design was s0 effective in reducing heat losses
out the bottome that the small axial temperature gradient

in the test piece which was observed to slope down during
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a run with design 1 with tﬁe lowest temperature being
recorded at the bottom thermocouple reversed itself for
runs using design 2 thereby having the lowest temperature
being recorded at the top thermocouple. This indicates
that design 2 still has some problems with heat losses,
Appendii A gives a total estimation of the heat losses

from the test piece for the two designs.

2.4 Instrumentation and Data Acquisition

The instrumentation can be divided into two areas: that
related to the monitering of the loop operations and that
related to the data aquisitions from the transient test
section. In all cases copper-constantan thermocouples

were utilized as the temperature sensing device.

2.4.1 Test loop instrumentation:

Seven thermocouples were placed on the preheater
tube, three on the two inch length preceding the transient
section (as shown in Figure 5) and four on the main pre-
heater length. The purpose of these thermocouples was to
detect the dryout position in the preheater tube. These
thermocouples were measured on a Leeds & Northrup Precision
Potentiometer. Other system temperatures such as inlet
fluid tempera:ure and exhaust gas tempecrature from the
rotometers were also monitored on this instrument. Measure-
ments of such system quantities as pressure, preheater power

and mass flux were obtained as descrited in Reference (9)-.
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2.4,2 Transient fest section instrumentation:

Three thermocouple holes .042 inches in diameter were
drilled radially into the test pieces to a depth 1/32 of
an inch from the inside radius. The holes were shaced at
three axial positions along each test piece with each hole
circumferentially spaced 120 degrees apart. The thermo-
couples were coated with a conducting gel similaf to that
used for heat sink attachments and inserted in the holes.
The thermocouple leads were exited from the steam jacket
through conex glands, to the measuring devices.

The measuring equipment for the transient thermocouples
consisted of two indepéndent recording devices. The first
device, used in ré;ording the top and bottom transient
thermocouples, was a Honeywell Speedomax W 24 Point strip
chart recorder. The four channel mode was used. The extra
two channels were used to monitor thermocouples 1 and 3 on
the preheater. This system was a backub tg the main data
acquisition system to which the middle thermocouple was
connected.

At the heart of the data acquisition system was a
Model 2000 Sanborn-Ampax FM tape recorder. A solid-state,
battery operated amplifier was constructed to boost the =
5 millivolt thermocouples signal to the required * 2 volts

needed by the recorder. Provisions were made to allow the

signal from a reference thermocouple tu be recorded on the
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tape before the start of each run. This reference signal,
used in the data reductlion program described in a further
section, consisted of a zeuvc reference obtained by placing
the reference thermocouple in an ice bath and a maxinum
reference point obtained by placing the reference thermc-
couple in a dewar of iiquid nitrogen. The temperatures of
these two points were obtained by reading the reference
thermocouple on the precision potentiometer.

The frequency response of the tape recorder was 650
cycles/second at a recording speed of 3 and 3/4 ips. The
strip chart recorder was capable of reading a channel every
1.2 seconds. Being in the four channel model the recorder
was able to read 6ﬁe particular thermocouple every 4.8
seconds. Both of these recording devices were able to
record the temperature transient of the test specimen whose
transient times averaged 30 minutes. (The extreme in total
collapse times from 212°F to -320°F depending on the mass

flux and quality were 5 minutes to 90 minutes).

2.5 Experimental Procedure

Transient boiling‘curve data was obtained from the
experimental apparatus with the preheater either in a
completely wetted mode or in a low quality dryout mode with
dryout lengths of 4 or 8 feet. The following sequence of
operations were carried out for obtaining film boiling data

with wet approach conditions. The steam supply to the
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transient section was turned on which allowed the specimen
to reach an initial temperature of 220-250°F. Liquid
nitrogen subcooled 3-5°F was initiated into the preneater.
When the preheater thermocouples registered a temperature
near the saturation temperature of the liquid, power was
applied to the preheater. The flow rate and power were
adjusted to give the desired values of mass flux and exit
quality to the transient section for that particular run.
During the time needed for steady state to be achieved in
the preheater the refereﬁce points were recorded on the
tape recorder. With the tape recorder reading the data
thermocouple the tranéient was initiated by closing off
the steam to the ;ransient section. When the transient
was completed, the steam was reinitiated into the transient
section, power was increased to produce a new quality for
the same mass flux, and the transient procedure was re-
peated until all qualities for a particular mass flux
setting was completed.

The procedures for obtaining film boiling data with
dry approach differed only in the startup. The bottom
electrode was positioned on the preheater for either a four
foot or eight foot heated length. Power was applied to
the preheater to raise the wall temperature to about 200°F.
Flow was then allowed to enter the preheater resulting in

a zero qualitv dryout starting at the position of the bottom
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electrode. Flow rate and power were adjusted to give the
desired mass flux and equilibrium quality at the exit of
the preheater. The remaining procedures are the saue as
outlined for the wet wall appfoach. In some instances
especially for the higher quality runs a dryout length
of one or two inches was noted for the wet wall approach.

This was unavoidable due to the physics of the situation.

2.6 Data Processing:

Figure 7 presents a complete flow diagram of the data
from the thermocouple signal to the final boiling curve
output. This section is concerned wfth the segments of the
flow chart dealing with data processing. This part of the
experimental program was carried out at the Joint Mechanical
and Civil Engineering Computer facility using the analog-
digital hybrid system as well as the INTERDATA Model 70
and Model 80 digital computer systems. The analog computer
was an EAI 680 computer system.

A simple first order fiiter network, consisting oif
3 inverters, 2 potentiometers, and one integrator, was
patched into the analog computer to filter and amplify the
analog signal from the tape recorder. The data-thermocouple
leads acting ss an antenna picked up <trong 60 cycle noise
which had to be removed from the analog signal before
accurate digitizing could take place. The amplification was

necesscry tc boost the * 2 yolt signal to * 10 volts
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needed to give maximum sensitivity to the analog-to-digital
conversion process. The analog part of Figure 8 can, there-
fore, be looked upon as a bplack box whose function is to
amplify the oncoming signal by the ratio P1/P2 and filter
all frequencies above that given by 10-N-P2 as described

in the figure.

The analog-to-digital package is a system that allows
the digital computer to read the output of the analog
circuit every time a timing pulse is sent to it by the
analog computer. This timing pulse is termed the digit-
izing rate and can be set by the operator to any desired
frequency. The output of the analog-to-digital block on
Figure 7 is, theféfore, an array of voltages whose elements
are separated from one another by a constant unit of time
specified by the digitizing rate. This array is stored in
the digital computer for later processing.

The digital computation phase involves two basic
processes: conversion of the voltage array to the actual
temperature array and the use of this array to calculate
the boiling surface heat flux and wall superheat. The
conversion of the voltage array to corresponding temperature
values is accomplished in two stages. First, the amplified
voltage array is converted back to the original millivolt
values using conversion factor generated from the two

reference points which had been subjected to the same
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processes as the rest of the data. Then the millivolt
array is converted to the actual temperature values using
a function subroutine consisting of a series of fourch
order polynomial curve fits for the copper-constantan
thermocouple conversion table; )

The main data processing code takes the temperature
array for a particular data run and computes the surface
heat flux and corresponding wall superheat. The code
assumes that the test specimen exhibits no radial or
axial temperature profiles allowing the heat flux to be
calculated using a lumped heat capacity model. This is
a good assumption and fhe internal temperature gradient
will be within 5%‘of zero if the Biot number (h L/KS),
where L is the characteristic length of the body obtained
by dividing the volume by the surface area, is less than
.1 [11]. At the maximum post critical heat transfer co-
efficient of 50 ﬁTU/hr - ftz-oF obtained iﬁ the experiment
the Biot number for the Inconel-600 piece was .22. The
same value for the copper and aluminum 1100 pieces were
.01 and .013 respectively. The average heat transfer
coefficient was generally half the value quoted allowing

one to calculate the heat flux from the following equation
q/A = p CP Y 4f (2.1)

The temperature dependance of CP at the low temperature

3
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obtained using liquid nitrogen was included in the cal-
culation of heat flux. With this model the heat flux
is directly proportional to the rate of change of the test
specimen temperature with time. The code determines the
first derivative in the following mannexr. The temperature
array is divided into several segments, and for each seg-
ment a least square polynomial curve fit is applied up to
order 6. The order of the curve fit is chosen to give the
least RMS error between data and curve fit without intro-
ducing too strong a waveyvcharacter to the first derivative.
A fourth order polynomial was generally used in processing
the data. The first derivative is obtained directly from
the polynomial reﬁfesentation of temperature-time data.
This procedure calculates quite well the boiling curve from
the film boiling region to the minimum point. The region
of the calculated boiling curve to the left of the minimum
film boiling wall temperature, including the transition
and nucleate boiling regions, is not as well represented
quantitatively. The shape is correct but due to the high
head fluxes radial temperature gradients reduce the accuracy
of the lumped heat transfer model causing the calculated
heat fluxes and wall superheat temperatures to be more in-
accurate in these regions.

A simple finite difference calculation technique was
also performed as a check on the curve fitting method. This

procedure consisted of averaging the slope over 4 to 8 time-
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temperature increments and applying the calculated heat
flux to the middle temperature value to generate the
bciling curve from the temperature arrays. There appeared

to be little discrepancy between the two methods.

2.7 Experimental Results:

The film boiling data for all the runs (Runs 101-159)
using design 2 transient test pieces are tabulated in
Appendix C. The results for a selected number of runs
(Runs 90-100) employing design 1 transient test pieces are
also tabulated. These runs include all those with the
preheater in the dryout mode. Most of the data with the
preheater in the wet mode is affected to some degree by
heat losses as discussed in Appendix A. It is felt that
the data obtained in the initial portions of the transient
for each of these runs is affected to a much lesser degree
by the heat losses than the portion of the transient where
the test piece is considerably below tﬁe ambient room
temperature. Therefore one should only consider the iirsc
portions of tabulated data for the rums with low LDO's.
Appendix B gives the equations used in the data reduction
process for the system variables and gives an estimated error
for these quantities. The following sections discuss the
results of a parametric study of heater material, rough-
ness and oxide coating on the post critical heat transfer.

A comparison 1s also made between the transient nitrogen



52

data taken in this program and some data obtained by

Forslund in the steady state mode.

2.7.1 Transient vs. steady state data

There is some contention in the literature that a
quench experiment will not reproduce a steady state boiling
curve. Bergles and Thompson12 attempted to ascertain if
there were any discrepancies between the steady state and
transient boiling curves for the same fluid and heater
geometry. Experimentally Bergles and Thompson found the
steady state boiling curves differed in some respects from
the transient boiling curves for the three fluids, water,
Freon 113 and nitrogen, that he tested. The discrepancies
for the water and Freon 113 steady state and transient
boiling curves were easily explained to be caused by the
oxide deposits deposited on the boiling surface during heat
up. The combination of wettability an@ roughness of the
oxide coating increased the minimum heat flux and wall
temperatures, increased the film boiling heat transfer,
increased the critical wall temperature and decreased the
critical heat flux. The discrepancies between the transient
and steady state boiling curves for nitrogen were localized
around the minimum point. The transition point was reduced
to a much lower heat flux and wall temperature for the
transient experiment than exhibited by the steady state

experiment. This phenomenon could not be explained by oxide
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scaling as the quench piece was only heated to room temp-
erature. Bergles and Thompson took the position that the
steady state boiling curve represented the correct physical
phenomenon and tried to explain why the transiti;n point

in the transient case was delayed to loﬁer a wall temperature
and heat flux than that resulted in the steady state case.
It is our contention that the transient case is the more
accurate representation of the boiling characteristic and
that the steady state experiment conducted by Bergles and
Thompson was forced to transit earlier due to axial con-
duction effects brought on by the poﬁer lead as well as

the possibility of liquid reattachment to the unheated
areas of the test cylinder.

Figure 8 presents a comparison of several of the
transient data runs obtained in this program with some
steady state nitrogen data takenm by Forslund. The transient
data appears to be slightly lower than each of the correspond-
ing steady state data points, even though the mass fiux and
quality differences between the two would cause one to
expect slightly higher values. This is attributed to
experimental uncertainties in the transient data rather
than any transient effects. As the transient times for
the tests averaged over thirty minutes per run the transient

experiments can be considered nearly quasisteady.
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2.7.2 Effect of heater material on post critical
heat transfer.

Figure 9 presents a compariscn of the three different
smooth specimons tested fcocr a mass flux cof 60,900'1bm/hr-ft2
and 210,000 lbm/hr-ftz. The results for each of the
materials produce a fairly large band at each of the two
mass flux cases. For the 60,000 lbm/hr—ft2 case copper
gives the highest heat flux for a given wall superheat,
followed by aluminum 1100 and then Inconel-600. For the
high mass flux case the order from highest to lowest
is copper, Inconel-600 and aluminum 1100. There appears
to be no consistant material effect in the data, and the band-
ing is considered to be the result of experimental error (Appendix A & B)

Bergles and Thompson12 in the process of determining
the relationships between steady state and transient boiling
curves presented some data for copper and inconel. Taking
the view that the two processes used gave the same boiling
curve, no strong material effects were noted in the film
boiling data for the two materials where the surfaces were

considered to be free of oxide scale effects.

2.7.3 Effect of roughness on the post critical
heat transfer.
The roughness effect oﬁ the post critical heat transfer
should follow the same trends as observed in single phase

13
heat transfer. By applying the Colburn analogy betwecn
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heat transfer and fluid friction and considering the heat
transfer in post dryout to be entirely due to the wall to

vapor component where the vapor mass flux is defined as

G = — : (2.2)

one can obtain a functional dependance of roughness on the

post critical heat flux in an approximate manner to be

£ oy OX p-2/3 o _
q/A = 5 Cp S Pr (Tw TV) (2.3)

With all other variables held constant the heat flux will
increase with increasing friction factor, f. £ is directly
related to roughness heights defined by the ratio, e/D, and
Reynolds number as given by MoodylA.

The roughness effect on<the transient data was not
very strong for the 30,000 lbm/hr—ft2 mass flux tested as
seen in Figure 10. Both the low and high quality cases
showed no pronounced effect. This is because at the low
vapor Reynolds numbers, the difference between the rough
and smooth friction factors is small. There are indications
though that the roughened surface gives slightly higher
heat transfer for the high quality case if one looks at the
actual mass fluxes for the two sets of data being compared.

The roughened specimen had a mass flux 16% lower than the

smooth but had the same heat flux for a given wall superheat.
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2.7.4 Effect of oxide scale on the post critical

heat transfer.

There is considerable evidence in the literature [12,

15, 16, 19] that oxide coatings on the heating surface have
large effect on the boiling curve. Figure 11 presents

the effects of oxides on the film boiling heat transfer

found in this program for several mass fluxes and qualities
which is consistant with that observed by other experimenters.
For both mass fluxes at each of the different qualities the
oxlde coated specimen has higher heat fluxes than the smooth
specimen. The low qualities gave more pronounced effects
than the higher qualities. It is felt that the heat losses
or gains, if present as discussed in Appendix A, will affect
all the data used in the comparison and wili not influence
the differences observed between the smooth and oxide coating
runs. The following is postulated to be the reason for the
observed oxide effect.

It is postulated that there is sporadic liquid contact
in the dry wall film boiling region. (Visual observations
have been observed and the heat transfer effects have been
measured for liquid-metal contact of single droplets on
horizontal heoted plates [17, 18, 19]). The contact time
may be of an infinitesimal ly small duration but is sufficient
for the liquid to sense the wall. If the contact temperature

which can be estimated to be
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Tev ™ Tro _ ‘ikpclg (2.4)
Two - ch [(kpc)L

at the instant of contact from the solution of two

semi infinite bodies of different inital temperatures is
greater than the maximum liquid temperature*, the liquid
will not remain in contact but immediately be expelled from
the surface. However, if the surface is covered by an

oxide coating, several effects will allow the liquid to
remain for a longer feriod of time. First the contact
temperature will be initially lower due to the lower ‘kpc)
ratio of the oxide as evidenced by equation (2.4 and if the
base temperature is higher than the maximum liquid super-
heat a certain amount of time will be necessary to heat the
surface temperature of the oxide to the maximum liquid
temperature. During this heat up time the liquid is evap-
orating producing good heat transfer. Second, if the oxide
is porous or highly wetting the liquid will spread out
covering a larger portion of the heater and adhere more
strongly to the heater than if the surface was clean. Both
these processes will increase the heat transfer. The quatity
effect can be linked by the fact that the probability of the
liquid contact will increase as the void fraction decreases.

The momentum of the small drops, characteristic of high
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* The maximum liquid temperature is defined by Groeneveld

[7] as a thermodynamic liquid temperature for a given
pressure above which the liquid state can mnot be maintained.
It can be obtained from homogeneous nucleation theory [29].
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void film boiling, towards the heated surface is too
small to resist the repelling force due to the liquid
evaporating from the surface of the drop.

The explanation of the oxide effect presenté& here is
somewhat contradictory to the idea that the minimum film
boiling temperature is identical to the maximum liquid
temperature (Groeneveld 7) and as such no liquid contact
can result in film boiling. Instead of the minimum film
boiling temperature being thermally controlled, a theory
has been developed (Iloeje28 ) that indicates that the
minimum film boiling point is the result of the changing
importances of three heat transfer mechanisms: the mechanism
controlling heat transfer to liquid in direct contact with
the heater, the mechanism controlling heat transfer to
liquid that comes near the heater surface without touching
(dry collisions) and the mechanism of forced convection
heat transfer to vapor. The first term, starting from the
maximum nucleate boiling temperature where total liguid
contact is assumed, decreases with increasing wall superheat.
The last two terms increase with increasing wall superheat,
The addition of the three terms produces a minimum in the
boiling curve. Anything that affects each of the separate
terms will influence the minimum point. Iloeje considers
that any droplet can contact the surface regardless of the

wall temperature if it has sufficient radial momentum towards
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the wall. His model can not predict the effect of wet
collisions with the wall whose temperature is above the
maximum liquica superheat as the vigorous evaporative heat
transfer mechanism is not understood.

It is felt that this concept of the three step process
is a major advancement towards the full knowledge of the
boiling curve and helps one to understand in the light
of surface effects such data as McDonough, Milich, and

27 and Plummer and Iloeje's16 where the transition

King's
boiling data was considerably above the maximum liquid
superheat. Assuming the minimum film boiling temperature
to be determined by tﬂe maximum liquid superheat would
discount this datéﬁas suspect when in actuality it is real
data which is probably influenced by surface effects.

(In the data analyzed by Plummer and Iloeje actual physical

evidence of oxide was found upon examination of the test

section).
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III. Two-Step Dispersed Flow Film Boiling Heat Transfer
Model

3.1 General Properties of Mcdel

The dispersed flow model [5,6,7,8] assumes that the
twoe phase mixture beyond the dryout-point is composed of
spherical drops uniformly distributed in the vapor phase.
In simple terms the model allows heat to be transferred
from the wall to the bulk flow in two steps; first from
the wall to the vapor phaée and from the vapor to the
entrained droplets. The model also aliows for direct heat
transfer to “he drop via direct collisions with the heating
surfare. The model begins at rhe point of dryout where
equilibrium conditions are assumed. There the vapor
temperature is at the saturation temperature, and the qua-
lity is that given by thermodynamic conditions. At this
point initial drop size, vapor and liquid velocities are
calculated from continuity, momentum and critical Weber
number equations. The Weber number is a ratio of inertia
to surface tension forces and in essence restricts the
diameter of the drop given the droplet and vapor velocities.
To move the solution downstream the gradients of vapor
temperature, droplet diameter, actual quality and liquid
velocity are derived. These quantities are derived from

energy, momentum and continuity considerations. The
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empirical nature of the model comes in through the use

of friction factor and heat transfer coefficient for a
droplet moving in 2 super-heated vapor, the single phase
transfer coefficient from heater surface tc the super-
heated vapor and heat transfer coefficient used to define
behavior of direct wall to droplet heat tramnsfer.

The Hynek and Groeneveld treatments of the basic
quantities of the model differ in some instances. The
purpose of this chapter is to present the fundamental
equations for the two step model as used by Hynek
and Groeneveld and to compare each calculation proceduzxe
with intention of ascertaining their strong and weak points.
The two models are compared with data and a hybrid model
is presented which is generally as comnsistant or somewvhat
better in predicting the data than either the Hynek or

Groeneveld model.
3.2 Conditions at Dryout

3.2.1 Groeneveld Technique:
In calculating the dryout conditions Groemneveld
employs the void fraction definition and a slip correlation
developed for predryout annular flow by Ahmadzo. Groeneveld
modified the slip predicted by Ahmad's correlation to be
halfway between S and S = 1 to account for the

Ahmad

discrepancy in flow regimes. The void fraction at dryout
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is therefore, given by

_ DO
%o = (3.1)

p
= )S .

DO DO

where S is determined from

.205 GD, 0.016

I e § -
s-2[(<pv> /G - (3.2)

The average vapor and liquid velocities are found from

(1-X_ )G
DO
(V ) = Y (3.3)
*po o, (10557
G X
v 0
¢ g%o = p aD (3.4)
v DO

Groeneveld assumes the droplet diameter to be critical
at the point of dryout, and furthermore he assumes that the
diameter can be predicted by a critical Weber number
criterion given by

p (V. -V_)$é
W) - v e 4 (3.5)

. g
crit

He selects a value of 6.5 for the critical Weber number
based on Isshiki‘521 water data. Substituting in the

values of (We) , (VL) and (V) gives 6D

erit DO & po 0
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3.2.2 Hynek Technique:
Hynek solves the momentum, continuity and critical
Weber number equations along with the assumption that the

liquid acceleration is related to the vapor acceleration

by
_XE EZ&
az " *a 3z (3.6)

and the assumption that the vapor acceleration is related

to the heat flux under isothermal conditions with Av = A
by
av '
g _ (q/A) (3.7)
dz p.h_ D ¢
v fg T

to obtain two equations relating (V) to (V,) .
8" po *"po

P 4(q/A)X (V)
v = ) +X[rsa - 2% + ——D0 1D0,
€ po Do Py Pvlfg .
(3.8)
pl(we)critov‘
2
.75CDpv
and
G X
) = RO (3.9)
DO G(1-X_.)
p.[1 - — D0
v pl(Vzi

DO
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These two equations require an iterative solution.
A fortran subroutine, developed by Hynek is given in
Appendix D which gives (V) and (V ) for any desired
& po *"po
set of conditions. Hynek chose a value of 7.5 for the crit-
ical Weber number based also on the Isshiki data. Knowing
the liquid and vapor velocities at dryout the droplet

diameter is obtained from the critical Weber number

criterion given by equation (3.5).

3.2.3 Discussion:

Tabulations of dryout slip and void fraction cal-
culated, by each model are presented in Table 1 for a
selected set of mass fluxes and heat tiuxes with dryout
quality ranging from 10-90% for liquid nitrogen. The
Hynek slip is strongly influenced by dryout quality and
mass flux. The Groeneveld slip has no dryout quality
variable and the mass flux variable is quite small being
raised to the 0.016 power. Groeneveld'has no heat flux
variable in the slip ratio, and while the Hynek mocdel
does include heat flux, an increase of heat flux by a
factor of 4 for the same mass flux and quality changed the
resulting slip by less than 1 percent. For Nitrogen the
maximum slip the Groeneveld method was 1.7 compared to a
value of 41. for Hynek's at the same conditions of

2

XDO = 10% and G = 30,000 1lbm/hr-ft~. This resulted in a

dryout void of 897 for the Groeneveld method as compared
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¢ x 103 q/A x 1073 X S HIEE o SGROENEVEén
(1bm/hr-ft) (Btu/hr-ft’) Do Do Do Do bo
30. 5. .1 41.17 .260 1.694 .895
.5 4.13 .969 1.694 .987

.9 2.06 .998 1.694 .999

10. 1 41.18 .260 1.694 .895

.5 4.58 .966 1.694 .987

.9 2.3 .998 1.694 .999

20. .1 41.22 .260 1.694 .895

.5 5.39 .960 1.694 .987
.9 2.68 .998 1.694 999

100. 5. I 5.45 726 1.671  .896
.5 1.41 .989 1.671 .987

.9 1.27 .999 1.671 .999

10 .1 5.52 724 1.671 .896

.5 1.49 .989 1.671 .987

.9 1.32 .999 1.671 .999

20. a1 5.68 .718 1.671 .896

© .5 1.6 -.988 1.671 .987

.9 1.43 .999 1.671 .999

250. 5. .1 1.715 .894 1.654 .897
.5 1.2 .991 1.654 .987

10. 1 1.758 .892 1.654 .897

.5 1.204 .991 1.654 .987

20. .1 1.832 .888 1.654 .897

.5 1.261 .990 1.654 .987

(DT = ,4 inches)
Representative Values of SDO and %o for the Hynek

and Groeneveld Initialization Techniques

TABLE 1
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to 26% void for the Hynek technique. While it is possible
that the Hynek model fails at this set of conditions due to
the fact that the flow pattern might not be dispeysed flow,
the value of 26% for the void seems intuitively more
correct than the 89% value. As the mass flux and dryout
quality increase to the point where the dryout void is

high (greater than 85-90%), both techniques give reasonably
close values. The more physical nature of the Hynek model
as well as its ability to give more reasonable results

outweight its awkwardness.

3.3 Gradients iﬁ'Post Dryout

Groeneveld revised the Beunett post dryout gradierts
to include pressure drop effects and flashing effects.
Groeneveld found that these terms can be neglected except
in the case of Freon 12 at high heat flux-mass flux
conditions. Therefore, the simplified post dryout gradients
of Groeneveld which are identical to those used by

Hynek are presented here.

Liquid droplet velocity gradient:

2
dv 3 Cp (V. -1V.)) 0
PR Dy & L - -G (3.10)
A Py Y2
Droplet diameter gradient:

- (3.11)
ds _ 2(q/A)vapor to drop _ 46(a/B) a11 to all drops
dz " B o, V, 3(1-X )0, C h_



Actual quality gradient

2
9%y PORS a (3.12)
dz 3 dz
8o ..
where Xo = XDo and 80 = 6D0 to start .
Equilibrium quality gradient (thermodynamic)
dX
E bq/A
= (3.13)
dZ G hngT
Vapor temperature gradient:
dXE : dXA
dTv =hfg dz__ [hﬁg+ va(Tv_Tsat)]dZ (3.14)
dz X °

A va

3.4 DProplet Breakup

The point at which droplet breakup occurs is determined
by the critical Weber number for both the Hynek and the
Groeneveld model. Hynek used 7.5 whereas Groeneveld used
6.5.

When the critical Weber number is reached in the
Groeneveld model the new droplet diameter is set equal to

the critical droplet size given by

W) °

s - e‘crit )
crit pv(Vg - VQ)

(3.15)
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The values, 50 and Xo’ in the actual quality gradient

are updated to Gcrit and XA at shatter. The droplet flux

[droplets/ftz—fr.] is increased to a new value given by

6 G[1 - (X,)
Nd - : A’at shatter ] (3.16)

T 68

crit pz

A new velocity gradient is calculated from which new values
of Vg and Vl are determined. The Weber number is rechecked.
If the Weber number is still critical the cycle is repeated
until the Weber number is just subcritical.

The Hynek model assumes the dropiet to shatter in
two as the critical Weber number is reached. This results
in the doubliﬂg of the droplet population and a reduction
of each drop diameter by 1/ _3/2. The values of X0 and 60
are updated. The same procedure as Groeneveld used is
applied to ascertain if the new Weber number after shattering
is less than the critical value. |

Unlike the large discontinuity in drop diameter re-
sulting from shattering in the Hynek model the trend of the
droplet diameter change for the Groeneveld model is more
gradual. The Weber number in the post dryout calculations
tends also to remain near the critical value for the

Groeneveld method as the drop diameter doesn't change
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much after shattering.*

3.5 Heat Transfer Correlations:

The dispersed flow model is by reason of the extremely
complicated flow structure a semi-theoretical model which
depends on empirical correlations to describe the heat
transfer behavior of the component parts.

3.5.1 Vapor to droplet:

There is general agreement between the two models
that the analogy between heat and mass transfer modified
by the Froessling ventilation factor will predict the vapor
to drop heat transfer. While Groeneveld derives a simple
technique for determining the diffusive resistance assoc-
iated with this heat transfer mechanism, he subsequently
neglects it as did Hynek citing that high turbulence
levels are sufficient to wipe out this resistance. The

vapor to drop heat transfer is given by

Z(Tv - Tsat)kv 1/2 1/3

CTZS BN : [1 + .276 Regor sc 1 (3.17)

to drop

where Hynek assumes Sc = Pr
vapor
R
and Groeneveld assumes Se = _ 8
from Kinetic theory of gases kg(y—l)

* A provision was made in the dispersed flow film boiling

code to reduce the diameter by 10%Z if after four cycles of the
shattering process at a tube position the Weber number was
still critical. :
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3.5.2 Wall to vapor:

There are a number of single phase vapor heat
transfer coefficients applicable for the wall-to-vapor
heat transfer term. These correlations are diffé?entiated
by the fluid on which they were based. fwo such correlations
tested in this work were that developed by Forslund for
nitrogen and that developed by Heineman22 for superheat
steam. Groeneveld modified a generalized heat transfer

23

coefficient developed by McAdams™~. These three equations

are presented here

Forslund: hw,v = 5; .035 Rev PT, (3.18)
Kk 1/3 p. .04 L
Heineman: h_ _ = D—f— .0157 Ref-s“Prf (L—T ) (6<DD0< 60)
W T : DO T
(3.19)
ke .84_ 1/3 ,L__ .
h - = — ,0133 Re Pr (7D0,>60) (3.20)
W,V D f f —_—
T D
T
Modified McAdams:
k 1/3 p 14 D .7
h = =¥ .023 Re -8 p, =%y 1 + .3¢( Iy 1¢3.21)
W,V T v v Yo Lot -01 D

3.5.3 Wall to drop:

At low qualities and correspondingly low void fractions
Forslund found that large discrepancies were present between

the experimental data and his core flow analysis using only
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a wall-to-vapor heat transfer term. He postulated that

a direct wall-to-droplet term made up the difference and
derived a heat transfer coefficient based on Baumeister'sso
work related to sessile drops on horizontal heatéd plates.
A correlating constant was employed to take into account

the droplet velocity and concentration and evaluated from

data comparisons. His term is given as

k3h* g0 (P ]1/4
2/3 2/3 “fl£g8YfP g
h = K,(nw/4) (6/n) (1-a) [ (3.22)
w,8 12 (Tw-Tsat)uf_{j'%xS

G(l-XA)

where (l-a) =
PeVy
-3
c (T -T )
and W* = hf [1+%0 P wh sat T
fg & fg

Groeneveld questions the validity of extrapolating the
use of the heat transfer coefficient for sessile drops to
predict the wall-drop interaction in dispersed flow. He
feels both the droplet velocity and its rotation invalidates
the solution for a sessile drop. The proper evaluation of
the wall-to-droplet term requires the knowledge of the
drop dynamics as it is projected towards the wall as well
as the droplet-wall interaction ear the heating surface.

roeneveld estimates the wall to droplet term by a simple
heat conduction term assuming a linear temperature profile

between the wall and drop.



77

kv f(l—a) ZDT
hw s = —“4—3———— EXP[»-E——] {3.23)
? film DO

where -
(1-0) 1is that fraction of wall facing
the liquid droplets.
D
EXP[-2 T/LDO]
is estimated to account for the
reduced wall-droplet interaction just

beyond dryout.

afilm is the average distance of droplets

above the heated surfaces.

A theoretical analysis of droplet trajectories in
post dryout dispersed flow is currently being investigated
by 0.C. Iloeje?%hich indicates that 6film is strong
function of wall temperature. Therefore the choice of one
value for Gfilm for predicting wall-to-droplet effects
in a uniformly heated tube will of necessity be in error
somewhere in the tube. An optimum value of éfilm can be
chosen, though, from comparison of model with post dryout

data.

Figure 12 gives a quantitative comparison of the two

wall-to-droplet terms for a mass flux of 130,0001bm/hr-ft2
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using liquid nitrogen as the test fluid. was

Gfilm
determined to be 1 x 10"4 ft from comparison of model

with experimental data for rthis mass flux. Using the

same technique a value of 0.5 was chosen for Kle'. As

can be seen from the figure the Groeneveld term is zero

near the dryout point (as determined by the exponential

term) whereas the Forslund term is finite. The two terms
coincide as the solution is moved away from the dryout

point. This happens at about 40 diameters away from dryout
which is the point where fhe exponential term in Groeneveld's
heat transfer coefficient has a 5% effect. As the void
fraction tends to one,'both droplets terms reduce to

zero.

Due to the 2/3 power on the liquid fraction ternm,

(1-0), in the Forslund term instead of the one power as used
by Groeneveld, Forslund's wall to drop term tends toward zero
at a slower rate.

From observations of temperature length data, low
quality dryouts exhibit a low heat transfer coefficient
after dryout which builds to a maximum and decreases
again as the quality increases from the dryout value.

The Groeneveld wall-to-drop term is comnsistant with this
trend. The Groeneveld term was adopted for use in the
generalized post critical correlation developed in

Chapter 4 for this reason as well as for its more intuitively



80

justifiable basis.

3.6 Total Heat Transfer in Disperse Flow Film Boiling
The total heat transfer calculated by the model is
the sum of the wall-to-vapor heat flux and the wail-to—
droplet heat flux given by

(q/4) = h (TW—TV) + h s (To=Toay) (3.24)

heater W,V , at
surface

A finite difference computer code, FILMBOIL, was ceveloped
using a combination of teqhniques used by Groemneveld and
Hynek. This is given in Appendix D. The code uses the
Hynek initialization procedure, the Groeneveld droplet
breakup and the Groeneveld wall-to-droplet heat transfer coef-
ficient. Provisions were made to select either the modified
McAdams equation or Heineman equation for the wall-to-
vapor heat transfer coefficient depending on what fluid was
being tested. This code was compared against Forslund's
nitrogen data, Bennett's water data and Groeneveld's Freon
12 data, to ascertain the variations cf ¢ need to

film

predict the respective data.
3.6.1 Comparisons of model with nitrogen data

Figure 13 represents the resulting comparisons of
FILMBOIL with [orslund's nitrogen data. This data was
taken in zero quality dryout mode and is a good example

of the low void dryout explained in the introduction. The
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inlet qusalities for the four rums presented here are about
-2% indicated a slight inlet subcooling. The calculation
proccedure was started at a quality of 5% which is a small
distance away from the dryout point. The code cannot be
started at a zero quality value as that is a singular point
for some of the equations in the code. The modified
McAdam's single phase vapor equation was used in the code
for this comparison analysis. Gfilm =1 x 10-4 feet predicts
the nitrogen data quite well and shows no heat flux or

mass flux dependence for the three mass fluxes and the two
corresponding heat fluxes presented. . The model diverges
somewhat in the low quality region as can be expected. The
flow regime in all probability is not that of dispersei flow
but more iike a froth flow. The prediction converges to

the data as the equilibrium quality increases to a value

of 10-30%.
3.6.2 ’Compafison of model with water data

The water data taken by Bennett is all high void
dryout data. Figure 14 gives the resulting comparisons of
this data with the dispersed flow model. The Heinemen
vapor heat transfer coefficient was used for this set of
comparisons. The predictions for these runs were very
insenstive to the value of 6film chosen. A range of
0.5 x 10_4 to 5 x 10-4 ft did not appreciable affect the

results given in the figure. For Gfilm = 4 x 10—4feet the
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two low mass flux runs (Runé 5359 and 5251) are predicted
quite well, but there is a hundred degree overprediction

in the case of the 3.8 x 106 lbm/hr—ft2 run (Run 5397). As
the void fraction is too high for 6film to have much

effect, the reason for the discrepancy must lie in the vapor
heat transfer coefficient. A check on the range of
variables used in the correlation revealed first that

the property data used in the correlation was within 2% of
the values used in this work.* This discounts one possible
source of error. The Reyﬁolds numbers encompassed in the
correlating procedure were in the range of 20,000 - 370,000.
However, the saturated vapor Reynolds number for Run 5397

is 3.5 x 106 or an order of magnitude higher than the
maximum value correlated in the Heineman equation. It 1is
possible that the discrepancy arises from extrapolating the
correlation too far. Using the McAdams equation reduces
somewhat the discrepancy between the prediction and data

as shown in Figure 10 for the 3.8 x lO6 lbm/hr-ft2 case. The
McAdams equation was found to underpredict the other two

mass fluxes. Groeneveld compared a 3 x 106 lbm/hr—ft2 mass

flux run of Bennett's using an optimized vapor heat transfer

*See Appendix F for a listing of all property data used in
this thesis. Included in Appendix F are polynomial curve fit
equations for temperature dependence on the transport prop-
erties.
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coefficient developed by Hadoller24 with very good results.
As the correlation is not published in the literature it
could not be used here. This problem of uncertainties inmn
the vapor heat trénsfer coefficient coupled with éﬁe fact
that the data is in the high void region makes the choice
of 6film somewhat arbitrary for the case of water. This

in some measure explains why Bennett did not use a direct

wall to droplet term in his model.
3.6.3 Comparison of model with Freon 12 data.

The ability of the model to predict the Freon 12
data presented by Groeneveld is somewhat poorer thanm in the
cases of the other two fluids as indicated in Figure 15, Using
the'modified McAdams equation and a 6f11m= lxlO_aft gives
a fairly accurate prediction of the high quality-low mass
flux case given by Run 8602.12, but this combination does
not predict well at all the rapidly decreasing temperature -
length profile exhibited after dryout for the low quality-
high mass flux case given by Run 8620.14., Two values of

4

8 2 x 10 and .75 x 10_4ft, are presented to indicate

film’
the effect of its decrease on the resulting temperature
profile. As is expected the decreasing of Gfilm affects
the first half of the profile much more than the second
half due to the generally lower void fraction. Therefore,

increasing 6f51m to affect a better prediction of the

experimental profile will only succeed in giving an in-
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correct trend of increasing wall temperature with length.
Groeneveld observed this same problem of trying to predict
the Freon 12 profiles and postulated that the inaccuracy in
the Freon 12 properties could be responsible as well as the
use of a generalized correlation for the vapor heat transfer
to Freon 12. Another possible explanation for the models'
overprediction of the low quality run could be related to
the oxide effects and increased wettability discussed in
section 2.7.4. If in some manner the tube was made more
wettable the low void runs such as Run 8620.14 would display
a higher heat transfer than the model predicts where as the
high void runs such as 8602.12 would not due to the liquid
droplets being too small to approach the wall. DuPont
bulletin B2 indicates that a one percent decomposition

rate per year was found for Freon 12 when subjected to

steel at 400°F. This figure resulted from exposures for

a six day period where an initial higher rate of decomposit-
ion was disregarded. Groeneveld indicated that Freon 12

was susceptible to decomposition at temperatures above

600°F in the presence of moisture. This temperature was

not reached in his experimental program. In a private
communication Groeneveld indicated that the test section

appeared clean after the experimental program was completed.

3.7 Discussion of Generalized Dispersed Flow Model
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While the dispersed fl&w film boiling model adapted
from the Hynek and Groeneveld models and used in this work
appears not to greatly improve the accuracy of predicting
post critical heat transfer, it is fundamentally more
self consistant in its basic components than either of
the parent models as previously discussed. Strictly
speaking the model is valid only in the dispersed flow
regime which is generally found at void fractions ex-
ceeding 807%. But by using the Hynek initialization method
the froth regime encountered at void fractions above 10%
can be transformed to a hypothetical dispersed flow regime
whose initial drop sizeé and velocities are given by the
Hynek method. Froﬁ}the comparison with the nitrogen data
which, as Forslund visually determined, was in the froth
regime this extrapolation technique appears to work quite
well. It is postulated, therefore, that the dispersed flow
model can be used in any post critical flow regime with the
accuracy increasing as the actual flow regime more closely
resembles that of dispersed flow. There is a limiting
mass flux, however, below which the model will not work,
and that is the value necessary to give a sufficient vapor
velocity to carry the liquid out the tube. This critical
mass flux is derived in Appendix E assuming that the
liquid fraction can be represented as droplets for any

quality dryout. Using the Groeneveld wall-to-droplet term
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allows for a more physical understanding of the correlating

than K,K, used by Forslund to extrapolate

term, Sgiipmo 2%

Baumeister's theory for heat transfer to a drop ;itting

on a flat plate. While it is physically reasoned that the
average height that the droplet population remains away from
the heated surface is a function of the surface temperature,
choosing an average value of 1 x 10_4 feet tends to predict
the heat transfer data for the three fluids tested. Gfilm
is also capable to a certain extent of correcting for the
errors associated with the vapor heat transfer coefficient
by making up in the droplet term the underprediction of the
vapor cocrrclaticn. The mcdified McAdams equation for
single phase vapor heat transfer gives reasonable results
for the three fluids tests. It is felt that a greater
degree of accuracy can be obtained by using a vapor cor-
relation taylored for the particular fluid and operating
conditions desired. The final variable which is very
sensitive in the model is the position and quality of the
dryout point. The technique of predicting post dryout

wall temperatures used in this work is simplified because
the dryout points were known in advance. (For zero quality
dryouts a small positive value was use- , and the calculation
procedure was started there). For cases where the dryout

point is not specified CHF correlations have to be relied on.

This could introduce considerabl. unceitainties in the
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predictions. The sensitivity on the quality variable.

is reduced for those dryout cases where the wall temperature
profiles decrease after dryout with quality as is the case
for low quality-high mass flux dryouts. .

The general use of the dispersed flow film boiling code
to predict the behavior of systems in post dryout is
relatively combersome. The integration procedure is
sensitive to the step size chosen. A small step size is
needed just after dryout where the wall temperature profile
is rapidly changing. This can subsequently be gradually
increased to reduce computation costs. In the next chapter
procedures are presented which reduce the dispersed flow
film boiling model to an algebraic equation in terms of system
variables which is capable of predicting post critical

heat transfer equally well.
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IV Generalized Post Critical Heat Transfer Correlation

4.1 Concept of Correlation

The complexitity of predicting the post critical heat
transfer is a result of the departure from the equilibrium
state after dryout. This nonequilibrium is manifested
in the superheating of the vapor phase with the result
that the mass fraction of vapor, termed in this work the
actual quality, is always less than that value calculated
by an equilibrium energy balance. The degree to which
the vapor is superheated and the actual quality deviates
from the equilibrium at any point downstream of the dry-
out for a particular fluid is related to the distance from
dryout, the dryout quality, the mass flux and to some
extent the heat flux as can be deduced from the analysis
of the dispersed flow model presented in Chapter 3. Figure
16 reproduced from Forslund's thesis demonstrates quite
well the nonequilibrium of post crtical heat transfer.
The mass flux and equilibrium quality effects on the actual
quality are indicated. As the mass flux increases the
nonequilibrium at any distance from dryout decreases. This
figure also indicates a small diameter effect on the
nonequilibrium.

The premise of the post critical heat transfer prediction
scheme presented in this chapter is that the thermal nonequili-

brium in post dryout indicated by Figure 16 can be approximated
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wigh the following linear relationship between X, and X

A E

(XA - X)) =« (XE - X50) (4.1)

whore k  is viewed as a correlating constant. A reexamination

of the two-step dispersed flow model of Chapter 3 in light of
Equation (4.1) resulted in the development of the generalized

post critical heat transfer correlation.
The general form of the correlation is taken directly

from the two step heat transfer process.

q/a = h (T - Tv? +h (T - T_,) (4.2)

s sat

where n as well as h can be defined in terms of

W,V w,0

void fraction and actual quality to be

. 7
k, GX, D .8 1/3 uv‘l‘ D, -
h = ,023 — (— —) Pr (—) [}+.3(——————— )](43 )
W,V DT Ho v uw LD0+ .01 DT
and
k 2D
hw,6 = —%*i— (1-a) exp [~ E—l ] (4.4)
film DO

The quantities needed to determine the heat flux in the
post critical region are the vapor temperature, Tv’ the
void fraction, o, 6film and k as defined in equation (4.1).
The following sections describe the formulations for Tv

and o and the prccedures for obtainine values of Sfilm and «

to predict post critical heat transfer data. The resulting

correlation procedure is compared with the transient
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nitrogen data taken in this investigation as well as with
steady state nitrogen data in the literature.

Procedures for obtaining a bounded solution for
the heat transfer in post dryout are presented and a pre-

liminary check of the correlating model is made with

water and Freon 12.
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4.2 Determination of Vapor Temperature in Post Dryout

With the approximation to the actual quality curve as
given in equation (4.1) the vapor temperature can be obtained
immediately upon writing the energy balance betweea the
evaporating liquid and superheating vapor. This equation

is simply

XEhfg = XA[hfg + va(TV - Tsat)] (4.5)

Substituting equation (4.1) into (4.5) and rearranging gives
the vapor temperature as

h 1 -« X - X
(T - T ) = fg( ) E DO
v sat va XD + K(XE— X

(4.6)

0o DO)

For liquid nitrogen, va is not a function of Tv which allows
one to obtain Tv directly in terms of XE’ XDO and x. For
water at 1000 psia and to some extent Freon 12 at 155 psia va

is a function of Tv' This necessitates iterating equation

(4.6) with va vs Tv data.
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4.3 Determination of Void Fraction After Dryout

The slip ratio and void fraction can be determined
at dryout from Hynek's initialization procedure.
Determining the void fraction, hence, the vapor Vélocity
after dryout requires the simultaneous solution of the
drop diameter gradient, equation (3.12), the droplet
velocity gradient, equation (3.10), continuity equation,
similar to equation (3.9) together with the droplet break
up criterion, equations (3.15 and 3.16).

The drop diameter gradient can be integrated directly
when equation (4.1) is differentiated énd substituted into

equation (3.12). The resulting drop diameter gradient

becomes 3
v & X
as = - —20 E (4.7)
3(1-XD0)6
* - = = '
Integrating (4.7) from § 6D0 at XE xDO to § §' at
\
XE = XE gives \
' (X X.)
§ 3 -53 = -y s3 —E DO (4.8)
DO DO T 1 _ x )
Do

rearranging (4.8 ) gives the drop diameter as a function of

XDO’ XE and k to be
k(X, - X 1/3
E DO

]
(1 - Xx,,)

§ = 6 [ 1 -

DO (4.9)

The droplet velocity gradient becomes
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)2 )— 1/3
k(X, - X o
i n E D20 - &Y 4.ip)

dz 4Ver%p0 A= Xp0) 7 2 2

dvz BCDpv(Vg -V

The vapor velocity can be eliminated using the

continuity equation

v, = SX) (4.11)

where XA is given by equation (4.1). Equation (4.10) and
(4.11) must be solved together with the critical Weber
number criterion, equations (3.15) and (3.16), to obtain

the values of liquid and vapor velocities necessary to
determine the slip ratio and void fraction. The solution

of these two quantities will be in terms of system variables
and . The critical Weber number is utilized in the same
manner as discussed in Section 3.4 fcr the updating of

6D0 and X o in equation (4.9) after each shatter. It is
obvious from the fact that equation (4.10) is a non linear
differential equation that a closed form solution cannot

be directly obtained from this set of equations. An approx-
imate closed form solution was obtained indirectly, however

which represents quite accurately the void fraction after

dryout.
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The procedure consists of solving the above set of
equations for Vg and V2 on a digital computer using a
Runge-Kutta integration scheme and applying a simple
correlation technique to the resulting slip ratios in terms
of the important variables. As Vg and V2 are each functions

of G, q/A, X and xk, a parametric study of each of

E’ XDO

these variables was undertaken to ascertain their effect
on the resulting slip ratio in post dryout. In the para-

metric study,G was varied from Gcr’ (defined in Appendix E)

it

to 500,000 lbm/hr—ftz. was varied from 5% to 50%. «

xDO

was varied from 1.0 to 0.2. XE is the dependent variable.
Figures 17 and 18 give the results for nitrogen for ¥k = 1.0
and x = 0.5 respectively. The slip ratio varies in a rather
simple preaictable manner. It starts at the dryout slip,

SDO (determined from Hynek's procedure given G, X and q/A

DO

at the dryout point), and decreases as XE increases until

§ =1 at X, = 1 (the point where K(XE - X ). A simple

A DO
equation of the form
D
k(X - X_.)
1-S 0
G2 = - (1E- X I)) ] (4.12)
DO DO

gives the observed trends for the slip ratio. The variables,

G and q/A are hidden in the determination of S As S

DO °

does not physically remain at SDo for all values of XE where

k = 0 as equation (4.12) indicates, D must be an inverse
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function of « so that D will increase as «k decreases
to the point where D = » at k = 0. Equation (4.12) is
plotted on Figure 17 using a value of D = 5 and predicts
reasonably well the four mass fluxes given. A value of

D = 7 gives a reasonable result for the case of ¥ = .5
given in Figure 18. This indicates that whatever G
effect there might be on D is quite small and restricted
to only the lowest values of G. If one then proceeds to
correlate S vs XE at the lowest value of SDO for a given

K the resulting correlation will of necessity improve as

G or X hence S increases.

Do’ Do’

Considering now that D is only a function of k¥ a series
of curves similar to those presented in Figures 17 and 18
were developed for nitrogen, Freon 12 and water. The result-
ing values of D vs k for each of the three fluids are tab-
ulated in Table 2. Also given in Table 2 are the coefficilents

to the equation

(4.13)

which gives the correct functional dependence of « ;n D.
For the case of nitrogen D must equal 5 when «k = 1.0, and
D must approach infinity when « approaches 0 . Equation
(4.13) will give this dependence.

The void fraction in post dryout can now be obtained

from the definition of void fraction. Substituting in (4.12)
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Fluid K D A B
Nitrogen i
1.0 5.0
<5 7.0
.2 10.0
0.0 o
5.0 .486
Water
1.0 2.5
.5 3.0
.2 4.0
0.0 o«
| 2.5 264
Freon 12
1.0 1
5
.2 1.9
0.0 o
1.0 .37

Tabulation of kvs D for Correlating

Post Dryout Slip Ratios

TABLE 2
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and (4.13) the resulting void fraction becomes

o, a-x,y °F _
X, f E; {1 - (l—SDO)[—I—:—i;;)] P(1-=X,) (4.14)

where XA is determined from (4.1) and the values for A and
B obtained from Table 1 for one of the three fluids cor-
related.

Figure 19 compares (4.14) against the computer solution
of the void fraction for nitrogen, water, and Freon 12 at
the conditions G = 250,000 lbm/hr-ft2 and X, = 5% with
k = 0.5. The temperatures dependence of the vapor density
was included using equation (4.5) to determine Tv as a
function of XE and k . As can be seen in Figure 19 the
approximate closed form solution given by eqﬁation (4.14)
is a very good representation of the computer solution for
void fraction. The discrepancies associated with the
approximate slip correlation are not wholly transferred
to the void fraction equation. No effort will be made to
quantify the errors associated with the use of (4.14) as
indeed one does not know really how well the differential
equations predict the behavior of an actual system. It is
observed though that the approximate solution satisfies
the end points of XA = XDO and XA = 1 and gives a reasonable

reproduction of the exact solution of the differential
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equations describing the phenomenon. The accuracy of

reproduction is increased as the void fraction increases

to a point where the approximate calculation nearly equals

the computer solution at void fractions above 50%.
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4.4 Correlation of Post Critical Heat Transfer

For Nitrogen

Substituting, now, equations (4.6) and (4.14) back
into equation (4.2) gives the basic framework for the
post critical heat transfer correlaticn in terms of two
as yet unspecified constants, §_. and k. The resulting

film

substitution gives,

.8 .14
k GX,D 1/3 u
v AT v
= A P A
a/a = .023 - (— ) Pry (D .
T V. w
D .7 h, (1-x)(X_.- X_..)
1+ 36— ) [(T,-T,,,) - —L& E_ Tpo)
po’ ° T ® C X
pv A
(4.15)
2DT
s kv f(l—a) exp [ - f;g] (TW - Tsat)
Sfilm
X .
- A
where a 57 486
Py (l-XA) K
X, + — {1-(1-5s_ ) [——— ] }(1-x,)
zZ o, DO°" 1 x_ ) A
DO
XA = XDO + k (XE - XDO)

SDO......Iteration of equations (3.8) and (3.9)

[Subroutine DOCAL]

The general form of the post critical heat transfer equation

is

q/A = f(xEl XDO’ LDO, G’ ATsat\ Ofilm’ K) (4'16)
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The dryout length,.L is calculated by

Do’
){{E
Gh_ D '
L _ £o07 J dX E
Do 4 L (4.17)
DO :
where q/A is the heat flux distribution between XDO and
XE. For uniformly heated tubes LDO is not an independent
variable since it is calculated from q/A, XDO’ XE’ and
G. For the test section used here L is an independent

DO

variable being determined by the heat flux in the preheater.
The determination of the two correlating parameters,

6film and k, in equation (4.18) is achieved in the following

manner. First the value of « is selected via a technique

to be described next. Anticipating the value of «, éfilm

will be determined from comparisons of equation (4.18) with

transient nitrogen data. Although § has been optimally

film

determined in Chapter 3 such that the differential dispersed

flow model affects the best
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prediction of the temperature-length data, it is expected
that a different value of 6film will be necessary for the
post critical heat transfer correlation to correct, some-

what, the errors involved in assuming a linear variation

of XA vs XE .

4.4.1 Evaluation of «

>

To determine «k the LA vs XE curve must be known.

As physical measurements are cumbersome and involves a
large amount of data scatter (see Forslunds) alternative
methods are required. There are two methods available.
First a good estimation of the actual quality can be ob-
tained from post critical heat transfer data by assuming
that all heat is transferred by the vapor. This assumption

together with the energy balance for obtaining the vapor

temperature provide the two following equations for

i X i .
obtaining A vs XE given q/A and Tw

.8
k GX,D
_ v ATT 1/3 .. _
q/a = .023 5= ( Ta ) Pr (T, T,) (4.18)
T v
Xa
where o = P
X + —Y s(L - X.)
A pk A
(4.19)
XE hfé B xA[hfg + va(Tv - Tsat)]

As a first approximation the slip, S, in equation (4.19)
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can be obtained from the homogeneous model (i.e.

S=1). A more exact method would be to use equations
(4.13) and (4.14) for the cases where the correlating
constants have been determined. -

Figure 16 presents the results Forslund obtained
from his data upon applications of equations (4.18) and
(4.19). A second method which was used extensively in
this investigation consists of generating XA vs XE curves
from the two step model using FILMBOIL. Using FILMBOIL
to generate the XA vs XE curve is especially helpful to
predict k for cases where no physical data is as yet
available (i.e. Water and Freou 12 data at low mass fluxes
and qualities).

With the XA vs XE curve in hand the value of k 1is
obtained by visually obtaining the best fit of the curve.
This requires some explanation as we have to be comnsistant
in the evaluation procedure if some quantification of var-
iables affecting k is to be expected. 1In essence what we
are trying to do is fit a straight line to a curve. Of
necessity this approximation has a limited range of accuracy.
In this investigation k was evaluated such that equation

(4.1) approxiaated X, over the largest possible range of

A

X, without introducting significant error in X The

E A’

general evaluation criterion used was that k be decreased

from 1 to a value that caused X‘ calculated from equation

-
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(4.1) to differ from the generated X, vs X, curve by

.02 to .03 in a range to the left of the intersection of
equation (4.1) with the calculated X, curve. A sample
of this graphical evaluation technique is given in
Figure 20 where k is evaluated from an XA vs XE curve
generated from FILMBOIL for Nitrogen at G = 70,000
lbm/hr-—ft2 and XDo = 5%. The intersection point and
maximum allowable deviation point are clearly indicated.
For this case the approximate solution starts to deviate

significantly at an (X_ - XDO) of 100%.

E
Before going further into the evaluation procedure,
a general idea of what influences % is necessary in order
to localize the evaluation and eventual correlation pro-
cedures to the relevant variables. As k is in essence a
measure of the nonequilibrium of the flow in post dryout,
whatever tends to affect the degree of non equilibrium will
have an affect on k. Returning again to Figure 16 one can

obtain considerable insight into the variables that

affect x. G is definitely a strong variable on x. A

value of ¥ = .55 in equation (4.1) appears to predict XA
for most of the range of XE for G = 70,000 lbm/hr-—ft2
whereas a vaiue of k = .71 predicts the case G = 190,000

1bm/hr-ft2. Figure 16 also indicates that heat flux and
tube diameter have a negligible effect on the nonequilibrium.

The next and last variable considered to affect x is the
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dryout quality. This variasle can be rationalized from
the observation that at progressively higher dryout
quantities there is less liquid to evaporate and cool the
vapor. Because the vapor superheats faster the amount of
non equilibrium increases proportionately. Figure 21

graphically depicts this variable affect. It consists

of XA vs XE curves calculated from Filmboil for water at

G = 250,000 lbm/hr—ft2 at two values of dryout quality

XDO = 20%Z and XDO = 80%Z. The straight line approximation

is also plotted for each of the two XA vs XE curves.

K = .62 closely approximate the XDO = 20% case and k = .7

for the XDO = 80% case. This indicates almost a linear

relationship between k and the quantity (1-X__). As X

DO

increases Kk decreases. Graphically this relationship

Do

results because all XA vs XE curves with XDO greater than

zero will eventually merge with the X, vs XE curve for

A
XDO = 0 . 1In order to do this the slope of the linear
approximation to the curves with higher dryout qualities
must decrease. Including XDO as a parameter in some
measure includes the q/A affect which is not explicitly

a variable.

With these two variables, G and (1-X an extensive

Do) ’
investigation was carried out to determine the best fit
value of « for nitrogen using computer generated curves of

XA vs XE and the evaluation technique just described.
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Included, also, in this investigation were evaluations

of x vs G and (1-X__) for water and Freon 12. The results

DO

of this investigation are tabulated in Table 3.

As a tabulation is not the most effective way‘éf using
the results as well as anticipating a quaﬂtitative need of
k for the final nitrogen correlation an attempt was made
to develop a generalized curve for the best fit value of

Kk in terms of a nondimensionalized form of the two independ-

ant parameters, G and XDO based on the three fluids in-

vestigated. The following nondimensional equation was

selected to represent the variatjion of kx with XDO and G
i -GZDT m n
k = f£(( va) (l-XDO) ) (4.20)

The nondimensional form of G was developed from the
Weber number assuming the velocity difference could be
estimated by G/pv. This Weber number formation was
initially chosen to account for the fact that small droplets
reduce the nonequilibrium. However, the drop diameter vs
length curve in post dryout was shown by Forslund to be
relatively unaffected by G whereas increasing q/A sig-
nificantly shifts the curve downward. The reason G decreases
nonequilibrium whereas q/A does not is that for a given drop
size a higher G results in a larger number of drops per

unit volume which increases the cooling area seen by the vapor.
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" ex 10

Fluid Dy (Feet) - 1pm/hr-£t?) %o K
Freon 12 .02558 1.5 .02 .7

Freon 12 .02558 485 .02 «59
Freon 12 .02558 .2 .02 .56
Freon 12 .02558 1.5 «25 +59
Freon 12 .02558 1.5 .50 .39
Freon 12 .02558 .485 .10 «57
Freon 12 .02558 . 485 .30 «43
Freon 12 .02558 .485 .65 .14
Water L0414 1.0 .02 .75
Water L0414 «490 .02 .72
Water .0205 «20 .02 .63
Water .0414 1.0 - .10 74
Water 0414 1.0 .30 +64
Water 0414 1.0 «55 +45
Water L0414 .74 .64 40
Water 0414 .40 .10 .67
Water L0414 .49 .40 51
Water .0414 485 .75 .36
Water L0414 «490 .79 .20
Nitrogen .027 .70 .02 .77
Nitrogen .0333 .214 .02 .71
Nitrogen .019 .190 .02 .71
Nitrogen .027 +130 .02 .62
Nitrogen .0333 .123 .02 .62
Nitrogen .027 .070 .02 .58
Nitrogen .0333 .030 .02 .50
Nitrogen .027 .070 .30 .36
Nitrogen .027 .070 .60 .22
Nitrogen .0333 .033 .78 .10

Tabulation of Best Fit Value of «

TABLE 3

tq _ 5
II= G/5T7pvc' (1 xDO)

255.9
82.7
34.1
67.2

8.8

54.1
15.4
0.5
172.1
84.3

112.4
32.0
3.5
0.9
55.1
7.3
0.1
0.05
348.2
118.3
79.3
64.7
67.9
34.8
16.6
6.6
0.4
0.05
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This discussion indicates that the parameter chosen to
nondimensionalize G has really no physical significance.
The parameter was retained Lowever for lack of a

reasonable alternative*. The resulting plot of k vs

D 5

K vs G T/pv o (l-XD

o)

is given in Figure 22. Values of m = 1/2 and n = 5 were
chosen to reduce the observed banding of the points as

much as possible. The 1érger dependance of (1-X_.) on

DO
kK relative to G is reasonable in light of discussion in
Section 4.5. A distinction is made for those points whose

dryout quality is less than 1(% as those points will b=
uéaffec:cé by the power on the (1 - XDO) tarm, In
looking at these points will give a good idea of how well
the Weber number formulation for G correlates the three
fluids. There appears to be significant deviations between
points for different fluids above and beyond that expected
to be obtained from the subjective evaluations of k even
though there is a definite trend with little data scatter
for each individual fluids. This becomes more obvious

when one takes into account all the data for each fluid.

The best fit values of «x for water fall on one line which

* A Reynolds number formulation was discarded because D
would be given equal weight as G where in fact it has
little affect on «.
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is significantly above the data for the other two fluids.
Freon 12 data falls on another line with KNitrogen data
dividing itself among the two lines. At high G and low
XDO the best fit values of « for nitrcgern £all om the

water line and at low G and high XDO the data falls on the
Freon 12 line. To facilitate the evaluation of «k two

equations were developed for these lines.

[, 1 5

K = .0674 log, [Gy e (1-X ) 1 + .402 (4.21)
Water Py -

D, 5
k = .0811 1log [G (1-X ) ] + .236 (4.22)
Freon 12 e pv0 DO

Equation (4.231) cam bte used to predict the best fit value
for water and equation (4.22) for Freon 12. It is
recommended that one use Figure 22 to determine the best
fit value of k for liquid nitrogen. For the actual data
comparison of nitrogen data with equation (4.15) to
determine the correlating constant, Gfilm as presented

next the data for k in Table 3 is used.

4.4.2 Determination of éfilm from Transient

and Steady State Nitrogen Data.

With the generated table of k vs G and (l-XDO) for
nitrogen an extensive comparison of the transient nitrogen

data obtained in this investiga-ion was undertaken. The
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transient data of particular interest is that obtained
in Runs 94-100 where the preheater tube was in the dry

mode. The data for these runs will therefore have a

considerable superheat effect. Figures 23-29 preseat

~

the results of the evaluation procedure of § for these

film
particular data runs. These figures present data for two
mass fluxes, G = 215,000 and 130,000 lbm/hr-ft2 and a

range of qualities for each mass flux. In all cases

Gfilm = 4x10_4ft predicts the data extraordinarily well.

A value of § = 1x10"% ft as obtained for the differential

film

two steps model in the post critical heat transfer cor-

rt

relation gave too high 2 prediction for the transient da

It is extremely difficult to explain this discrepancy of

é between the two models as there are so many competing

film

effects that are influenced by the appreoximation procedure
used in the post critical heat transfer correlation. A
cursary check of the approximation procedure embodied in
equation (4.1 ) on the main variables affecting the total

heat transfer (Tv’ X @) indicated that in applying the

A’

approximation to the differential two step model a smaller

£ilm (i.e. a larger wall-to-drop heat flux)

would be needed instead of the observed higher value. All

value of §

computer codes used in the application of the equations
for both models were scrupulously checked and found free

of errors. Thz author concludes that an involved analysis

of
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this discrepancy is not warranted once the view that 6film

is a correlating constant for the set of equalions
composing the post critical heat transfer correlation that
is determined by data comparison. To be consistant in the

idea that Sfilm is a correlating constant no further

adjustment should have to be made in it to predict other

nitrogen data. This is a somewhat naive attitude if 6film

is taken in its physical sense of an average height which

drops remain above the heated surface.

4

T 3 3 = -
he most convincing support of %ilm 4 x 10 for

nitrogen comes in comparing the prediction scheme with
the transient nitrogen data for low values of LD” . A low
.- v

value of LDo means that very little superheat of the vapor

can be affected and that the equilibrium value of ¥ ( i.e.
k = 1) should predict the data. This automatically reduces
the problem of evaluating two correlating constants as

Gfilm is the only variable left to be correlated. As the

bulk of the transient nitrogen data consists of low LDO

data an extensive check on éfilm can be achieved. One must

keep in mind that only the higher range of (Tw - Tsat) is

certain of being free from heat losses as explained in

Appendix A.

Figures 30-34 present the results of some selected

runs where LDO equaled 3 inches or less. It is seen that

6film = 4 x 10-4 does a very good job of predicting this
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data. Also shown on some of these curves is the value of

heat flux for afilm =1 x 10-4 . This value is generally

outside the data scatter observed. 1In Figure 33 the data

at low values of (Tw - T ) is comnsiderably below the

sat

prediction. This is a clear indication of heat gains

)

affecting the data as discussed in Appendix A, As (TW-TSat
increases, the discrepancy decreases and appears to
asymptote to the prediction at elevated (Tw - Tsat) values
(hence towards less heat gains). Figure 34 indicates that
more heat flux than that provided by Gfilm =1 x 10—4 ft

is needed to predict the data. As this is a high mass flux-
low quality rum, it is'felt that heat is being conducted

out the top of the/transient section due to a wetted inter-
face at the discharge to the transient test section (again
refer to Appendix A for more complete description).

The concluding check of the post critical heat transfer
correlation for hitrogen comes with the comparison of the
steady state temperature-length tube data obtained by Fcrslund
and Hynek. If the correlation predicts this data equally
well with 6film = 4 x 10-4 ft then the uncertainties in-
volved in basing the correlation on data suspected of heat
losses is significantly reduced as the problems of in-
sulating a tube are much less involved than that inv;lved

with the transient section used in this investigation.

Figures 35-39 oresent the full range of steady state
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nitrogen data available in the literature. These figures

encompass a G range of 20,000 - 190,000 lbm/hr-ft2 and an
L/, > -4

XE range of 5-80%Z , Again afilm 4 x 10 ft provides

excellent correlation of the data. The accuracy of the

prediction scheme decreases somewhat for the 20,000 and

40,000 lbm/hr-ft2 cases. This is understandable considering

that a significant portion of the data for these G's is

probably in a froth flow regime. It should be noted that

this is the same data from which a value of § =1 x 10

film

was obtained for the differential two step model discussed

in Chapter 3.

4.4.3 Discussion of Post Critical Heat Transfer

Correlation for Nitrogen

From the two previous sections the final unknowns are

added to the post critical heat transfer correlation for

.nitrogen given by equation (4.15). «x is now evaluated from

Figure 22 on Table 3. is set equal to 4 x 10-4feet.

“film
The purpose of this section is to discuss the application

of the correlation: its properties and limitations.

4
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This prediction scheme appears quite formidagle as
indeed the physics of post critical heat'transfer dictates.
However the application of these equations to a particular
problem is considerably simpler than the differential
two step model discussed in Chapter 3. The equations are
completely determinant given G, X and X_ for q/A in

DO E

terms of (Tw - T ). These equations require iterations

sat
in a maximum of two places in the calculation procedure.

For every application the dryout slip, S has to be

DoO?
iterated using equation (3.8) and (3.9). A second

iteration is required between M, and kv and the wall

» £
temperature when heat flux is the independent

variable. If wall temperature is the independent

variable then this iteration is not needed.

From the data comparison presented in section (4.4.2)
the ability of the correlation to predict both the quality
and mass flux dependency on the post critical heat flux
is evident. An increase in G for a given set of system
variables is readily seen to increase the post critical
heat flux. Comparing Figures 37 and 39 demonstrate this.

The effect of quality as represented by X_ on the post

E

critical heat flux is rather complicated and its trends
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have not been until now wholly correlated. The particular

trend that XE will have on q/A in post dryout is basically

dependent on XDO and G. Three possible trends of q/A vs

XE can occur. The first case is that q/A continuélly

decreases after dryout as XE increases. This occurs at a

high value of X and a corresponding moderate to low G.

DO

Secondly q/A vs XE can increase to a point, then sub-
sequently decrease as XE increases. This generally occurs

at low values of XDO for any G or at moderate to high values

of XDO for high values of G. The final possibility is that

q/A initially decreases, increases and finally decreases

again as XE increases. These three trends can be verified

by returning to Figures 13-15 containing temperature length

plots for various G and X combinations. These trends

DO
are only partially observed in Figures 34-39 as the

XE variable is not high enough to demonstrate the eventual
decrease in heat flux. The post critical heat transfer
correlation presented here is capable of producing these

trends because it is the sum of two terms which have

opposite trends of q/A vs XE . q/Aw s decreases with increasing
]

X q/Aw , increases at a decreasing rate due to vapor super heat.
. ?
It is possible for this term to go negative if the decrease

of the heat transfer due to vapor superheat is greater

than the increase in hw v due to higher vapor velocity.
’
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The sum of the two heat transfer mechanisms can produce
the three trends discussed depending on the relative rates

of change with X The correlation automatically goes to

E L]
the all vapor asymtote as XA goes to 1.

T T .

The final system variable affecting the post critical
heat flux is the wall superheat defined as (Tw - Tsat)'
The heat flux from the wall, q/A, increases as (Tw-Tsat)

increases. The particular shape that this curve takes

depends on the quantity (XE - X, For (XE~ X =0

0)' DO)

the q/A vs (Tw - T ) curve for any G is nearly & straight

sat
line with a slope slightly higher than one as (XE - XDO)
increases, q/A vs (Iw - Tsat) deviates from a straight line
and looks more like a curve that approaches a straight

line. A straight line drawn through this curve would have
a slope somewhat higher than one. Figure 38 demonstrates
this effect very well.

A very useful property of the post critical heat
transfer prediction scheme as presented in this thesis
is its ability to give the upper and lower bound to q/A vs
(Tw - Tsat) in post dryout for any given system conditions.
The upper bound is obtained immediately upon substituting
k = 1 into equation (4.15) . The lower bound can be ob-
tained by selecting a value of k from Figure 22 that is

below the data for any given G and (l—XD ). Figure 40

0]

demonstrates the ability of «x = 1. and < = .5 to bound
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the transient data given in Runs 95, 97, 98 and 100. One can
see that as (XE - XDO) increases, the two bounds grow further
apart. At (XE - XDO) = 0 the upper and lower bounds are
the s;me. R
Igfggxinteresting now to compare thevfesults of this
correlating procedure with the Groeneveld post critical
heat transfer correlation for tubes as given in Chapter 1
[equation (1.1)]. The constants for the heat flux depend-
ent case were used. This comparison is presented in Figure
41 for the case of G = 250,000 lbm/hr-ftz, XD0 = 20% and Xg
= 40, 80%Z. From Figure 20 a value of k = .62 was selected
given this set of cgnditions. For XE = 407 there appears
to be very little discrepancy between the two correlations
at least at high wall superheats. At low wall superheats the
vapor superheat begins to have an affect on the nitrogen
correlation whereas no affect is given by the Groeﬂeveld
correlation. The Groeneveld correlation shows very little
quality effect or the heat flux which is understandable
considering that the correlation was based on water data
which has a pv/pl ratio almost an order of magnitude higher
than nitrogen. This comparison vividly illustrates the
inability of this type of post critical heat transfer
correlation to predict accurately any data outside the range
of data correlated. Just knowing X_ and G is not sufficient

E

to quantify every conceivable post critical situation. The
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post critical heat transfer prediction scheme presented here
for nitrogen does have the necessary variables that will
allow it to be extrapolated ocutside the data on whici it

was ﬁased and as such this correlation should be able to
predict data for different fluids. There is a possibility
that ¢ ilm will have to be modified but this can be taken
care of by evaluating the constant with available data for
the particular fluid in questicn. The next section presents

a preliminary comparison of the nitrogen correlation with

Water and Freon 12 data in the literature.
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4.5 Comparison of Nitrogen Prediction Scheme with

Other Fluids

Since the k vs G and (1 - XDO) relation and the post
dryout o relation for Water and Freon 12 were determined
simultaneously with the derivation of the post critical

~heat transfer correlation for nitrogen, it is a simple
matter to apply these quantities to the general prediction
scheme for nitrogen as given in equation (4.15) and ascertain
its validity in predicting water and Freom 12 post critical
heat transfer data. 1In the following comparison process
the value of k was obtained from Figure 22 instead of
using the appropriate correlation equation as specified
in Section (4.4.1
| | 4.5.1 Watef Comparison
Figures 42, 43, and 44 present the resulting

comparison of the post critical heat transfer correlation

with water data at 1000 psia for three mass fluxes G =
485,000, 740,000 and 1,000,000 lbm/hr—ft2 respectively.
This data was obtained by Bennett6 in a uniformly heated
tube. The Heineman superheated steam correlation was
used instead of the modified McAdams equation for the
wall to vapor heat transfer coefficient.

The prediction scheme does suprisingly well considering
the data is a cross plot of a number of rums having

different values of XDO . Figure 42 indicates an under-
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prediction of the data. The correct trend of the quality

is observed in the prediction though. It appears that

a Gfilm somewhat smaller than 4 x 10-4 feet is needed.

However, by reason of the high void decreasing 6fil will
m

not apprecially affect the resulting prediction. Also

plotted on Figure 42 is the prediction for the 85% quality

case using k = 1. This does a reasonable job in predicting
the data. The comparisons for the two higher mass fluxes
are quite good with less than 157 deviation between the
prediction and data.

4.5.2 Freon 12 Comparison

The Freon 12 data for this comparison is again taken
from Groeneve1d7. It has been replotted in a q/A vs

(Tw - Tsat) coordinates. Figures 45 and 46 present the

resulting comparisons for G = 250,000 and 1.5 x 1061bm/hr-ft2

Gfilm = 4 x 10_4 ft appears to correlate this data fairly
well. The McAdams equation was used for the wall to vapor
heat transfer term. Figure 45 indicates that some super-
heating of the vapor has occurred as seen by the comparison
of the k = 1 prediction with that of k = .4. XE has not

significantly increased above X in Figure 46 with the

DO

result that any value of « will give the same prediction

for this case.
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V. SUMMARY AND CONCLUSIONS

5.1 Summary

.1. An experimental inmvestigaticn of post critical
heat transfer in forced vertical flow for a tube geometry
was undertaken. A novel transient experimental technique
was devised and implemented. The extreme versatility of
this technique was demonstrated by its ability to generate,
in one operation, post critical heat transfer data at one

particular G and X_ combination for various dryout lengths

E
up to eight feet. The flexibility of the transient ex-
periment was further increased with the ability to inter-
change transient test pieces for determining material,
roughening and oxide effects on post criticali neat transfer.
Forced convection dry wall film boiling data was obtained

using this experimental technique for the following range

of parameters.

For a 0.4 inch inside diameter tube:

¢ variation: 30,000 - 220,000 lbm/hr-ft2

XE variation: 0 - 90%

L 2 - 96 inches

DO variation:

Test material: Copper, Inconel 600, Aluminum 100

Surface
Conditions : Smooth ( 10 - 50 microinches)

Roughened (approx. 400 microinches) .
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Oxidized (film approx. 10-5 inch thick)
q/A variation: 1,000 - 25,000 btu/hr - ft2

(T - g"t) variation: 50 - 550°F -

wall

This apparatus was capable of inveséigating dry wall
film boiling heat transfer at such close proximity to the
dryout point without axial conduction effects because of
the careful insulation procedure used to isolate the

transient test section from the preheater.

2. An extensive comparison of the Hynek and Groeneveld
dispersed flow film boiling models with data in the post
critical heat transfer regime was carried out. The
original Hynek computer code was modified to include the
Groeneveld droplet breakup mechanism. This code was
compared with a large range of post critical heat transfer

data for nitrogen, water and Freon 12.

3. A generalized post critical heat flux prediction scheme
was developed upon application of the assumption that the

XA vs XE curve can be approximated by the linear fumction

X, - X = k(X
A DO

ial two-step dispersed flow model used by Hynek. Consider-

E " XDO) to a modified form of the different-
ing, therefore, that heat is transferred in post dryout
from the wall to superheated vapor and from the wall to

drops via dry collisions, expressions for Tv and a were
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obtained in terms of . Tv was obtained from direct
application of the above assumption to the post dryout
energy balance. The void fraction was obttained using a
post dryout slip correlation based on computer geﬁérated
slip ratios obtained from the solution of the momentum,
energy and critical weber number equations. Tv and a
were subsequently substituted into the McAdams vapor heat
transfer and Groeneveld droplet heat transfer to provide
the total solution in terms of «. K was evaluated using

a visual best fit procedure to X, vs XE curves generated

A
from modified Hynek computer code of the differential

two-step dispersed flux mode. The final procedure in the
development of the post critical heat transfer prediction

scheme consisted of correlating kvs G and XDO using the

following nondimensional parameter
’D l 5
GV T/p 0 (1-X,,)

The resulting post critical heat flux correlation given
in Equation (4.15) was compared with the transient data
obtained in this study as well as nitrogen, water and

Freon 12 data found in the literature.

5.2 Conclusions
From the above investigation the following conclusions

were made.

1. A transient boiling experiment will give the correct
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representation of the post critical heat transfer as ev-
idenced by the positive comparison between the transient
data in this study and steady state data found in th=

literature. -

2. No consistant trend for the effect of material on

drywall film boiling heat transfer was observed.

3. Increasing the roughness of the heater surface increases
its heat transfer capability. This results from increasing
the wall-to-vapor heat transfer coefficient as demonstrated
by the Colburn analogy. This effect is more pronounced

as the vapor Reynolds number increases.

4. The addition of oxide to the heating surface increases
the heat transfer characteristics of the surface. The
reason for this effect is liﬁked with the evidence that
actual liquid contact can occur in dry wall film boiling
even if the surface temperature is above the maximum liquid
temperature. The increased wettability and porosity of the
oxide allows the attached liquid to spread and adhere to
the surface for a longer period of time than if the surface
were clean. The combination of increased area of liquid
contact, increase in time of contact and vigorous evap-
oration at the liquid-solid interface has the effect of
increasing the heat transfer over and above any thermal

resistance that the oxide might have. It is noted that the
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augmentation of the heat transfer with oxide is more
Pronounced at low quality, high mass flux combinations

where. the liquid fraction is higher.

5. No major differences were noted in the ability of

Hynek's and Groeneveld's models to predict data in post

dryout conditions. The computer code, FILMBOIL, using

a value of 6§, =1, x 10—4 feet for the correlating
film

constant in Groeneveld's wall-to-droplet heat transfer

coefficient predicts nitrogen, water and Freon 12 post

dryout temperatures profiles with an accuracy of 10 - 20%.

6. The ability of the post critical heat transfer
prediction scheme to correlate nitrogen data has been
demonstrated. The effects of G, XE’ DO at

post critical heat flux are properly accounted for through

X and Ts on the

the implicit inclusion of nonequilibrium effects resulting
from vapor superheating in post dryout. The only restrict-
ions to the use of the post critical heat transfer cor-

relation as presented in this thesis is that G be greater

than that required for liquid carryover.

5.3 Recommendations

1. It is recommended that a quantitative study of the
effects of roughness and oxide on the post dryout heat
transfer initiated. 1Included in this study should be a

detailed analvsis of liquid-scli-” contzct at surface
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temperatures above the maximum liquid temperature to

more clearly understand the process.

2. The generalized post critical heat transfer correlation
presented in this research can be further improved by
reexamining the linear approximation to the XA vs XE curve
with the possibility of using igstead a polynomial curve
fitting procedure. It was noted that the approximate

vapor temperature was quite sensitive to how well the
approximation resembled the actual curve. Luckily, this

sensitivity was not wholly transferred to the predicted heat

flux.
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APPENDIX A
Estimation of Heat Losses for Transient Test Section

(Design 1 and 2)

From Fig 5 heat interactions between the test specimen
and its environment can occur via three means: first,
conduction radially through the cup, across the air cap
to the exposed area of the test piece; second, conduction
at contact points between the specimen and the cover
assembly and third, at the contact point of the specimen
and textolite spacer separating the specimen from the

brass base. The following presents idealized models to

estimate the heat flow resistance for the three cases.

A.1 Heat Interactions common to transient Design 1 and 2

radial heat interaction:

Figure Al presents the model used to calculate this
interaction. The model assumes heat can be transferred to
the copper wall from outside through the insulation and
through direct contact with the brass base which has a
high heat capacity. The heat that reaches the copper wall
is then transferred across the air gap to the test
specimen. The gap is broken into two resistances: a
conduction resistance and a convection resistance to account

for the natural circulation.
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Substituting in the values for each resistance gives

o
- H
a) hIA ~ 5 ¥ - Hr
171 Btu .
AX . 09 _F - Hr -
b) k A oo Btu
cu cu
D o
o tn ( 4/D3) 22 FB;uHr (A.1)
27 L k -
i
D
0 in ( 3/D2 ) a1 °F _ Hr
27w L k - Btu
a >
1 o '
e) —— ~ F - Hr
hy4, 20 5

As the resistance from Ta to T 1is so much larger than the
cu

resistance from TA to %u we can neglect it. Furthermore

we can assume that TA = Tcu' The radial heat transfer becomes

= (T, - TB)/61 [Btu/hr] (A.2)

9Rad A

Cover-Specimen Interaction:

The cover-specimen interaction is very difficult to
estimate as there are a number of forces at play which could
result in either heat gain or loss depending on the dominant
force. The problem centers on whether the micarta-cap
assembly quenches before the test specimen after the steam

is shut off. This translates to a heat gain if the cover -
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assembly remains higher than the specimens or a heat loss
if the cover assembly is always lower in temperature
than the test piece. There is also a distinct possibility
of continuous liquid contact of the micarta spaciﬁé even
during the heat up period because the lo& conductivity
causes the micarta area exposed to the nitrogen flow to
act like a cold spot. This would cause a heat loss even
during the iritial portion of the transient where normally
one would expect no heat losses or gains due to the
uniformity of all temperatures. Figure A2 presents a
conceptual model of the entire cover-specimen interaction
which gives a cleargr picture of the processes aescribed.
Figure A25 indicates that the heat loss or gain is
dependant on Tm, some average temperature inside the micarta
spacing. This temperature is influenced by the surface
temperature of the micarta exposed to the flowing nitrogen
indicated as T as well as the average temperature

coldspot

of the brass cap, T In order to estimate the behavior

A"
of this system it is assumed that only two mutually

exclusive processes can occur. Either T =T
coldspot m

resulting in the conduction path being brass cap to micarta

et . = T .
to rubber O-ring to specimen or Tcoldspot sat resulting

in conduction path being from T through short length

coldspot

of micarta, through rubber O-ring to specimen. The first

of these two cases is given in Figure A2b. The resistances
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are simply

o) e T _ 1g hr-°F
kmAm K W(rZ_ rZ) Btu
m' 2 2
b) %, = %, = 24 h_r:.oL
k A k Dt Btu
rr r 3

This gives the heat gain for Case 1 as

B ——— Btu/hr.
feup, 42 rrea/ued

(A.3)

(A.4)

Figure A2c gives the circuit diagram for the second

case where T is assumed equal to T
coldspot s

at

The resistances are

D
Ln( 2/D1) _ . hr®F
anmL Btu
AX o
2 _ hr'F
krAr = 24 “Ptu from (A.3.a)

This gives the heat loss for case 2 as

(TB B Tsat)

qcup2 s T 57

(A.5)
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A.2 Heat interactions of test piece to base
A.2.1 Design 1

- Figure A3a indicates how we tried to cut the heat
losses down through the fin protruding from the base of
the test specimen with a micarta sleeve.

An upper bound of the heat loss can be found by
assuming that the two surfaces of the micarta contacting
the inconel is at the temperature of the brass base, TA’
and that the two surfaces touching the fin are at the
test piece temperature. Figure A3b indicates the geometry.

The upper bound on the heat transfer from the base

is approximately

k (TA - TB)
iupper = (A1 * Ay) 3 (A.7)
limit
where Al = ﬂDlL
_ 2 - 2
AZ = 1r(r1 - r2)

Substituting in the appropriate dimensions gives the
upper limit as

limit
Figure A3: gives an approximation ifor the calculation
of the lower bound on the heat transfer up through the base.

The lower bound becomes
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inconelT —-l }__
Tp tube TO R
. | heat inconel
Ttube capacity
of brass
P, base Ttube
Rinconel
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/11/77/ zero heat flux
boundary

FIGURE A3 IWTERACTION OF TEST

TRANSIENT DESIGN 1

(not to scale)

PIECE WITH BRASS BASE FOR
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; I Sl 1 (A.9)
lower zn(rZ/r )
limiF 1

21rLkm

substituting in the appropriate values gives

.05 (TA - T)) (A.10)

qlower B

limit

N

A.2.2 Design

The only difficulty involved in estimating the heat
interaction between the base and test piece for this design
is the section where the copper sleeve, textolite and
test piece come together as checwn in Figure A4. Here it
is assumed that the copper sleeve is at the temperature
of the brass base and the conduction length separating
it from the test piece is 1/3 of that used for each of

the other two resistances. These resistances are

kmAl .21mD. t Btu
1 (A.11)
b) 81 _ .25 _ .o JE-Er
kmA2 ,anZt Btu
o
o sz ) .25/3 = 70 g;ﬁr
kmA3 .2wD3t

The heat gain up through the base becomes
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At

.T ’,,I’Copper
A ’//Zi’ Sleeve
Brass Base
— l
Inconel
74+ Tube
L
(Not to Scale)

B

Axl AXl AX2
A

km 1 kmAZ kmAB

TA

FIGURE A4 INTERACTION OF TEST PIECE WITH BRASS BASE FOR
TRANSIENT DESIGN 2
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1.1 1
dgase = (Tp - Tp) g5+ 135 * 70 !

(A.12)
.023 [TA - T_]

qBase B

A.3 Summary of heat interactions

A.3.1 Design 1

The results are separated into two catagories. The
first catagory includes tﬁe assumption that the brass cover
and base quench down at the same rate so that their temp-
eratures are equal and that the liquid does not attach
itself to the micarta. The summation of heat gains cai-
culated by (A.2), (A.4) and 1.5 times the heat transfer
given by (A.10) results in the total heat gain as a functicn
of the temperature difference between the test piece and

brass base for the case of no liquid attachment to be

= +106 (Tbrass base Tspecimen)

( )

9gain 1’N.L.A.

(A.13)

Equation (A.13) is probably valid for all data runs except
those of high mass flux and moderate to low quality.
The second catagory which takes care of the high mass

flux znd moderate to low quality runs contains the assumption
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that the complete cover assembly is at T The summation

sat’

of héat gains calculated by (A.2) and 1.5 times (A.10) with

(A.6) results in equation (A.14) for the case of liquid attachment.

= (.09) (T

gain 1%5A. brass base Tspecimen

- .04 (T - T )

specimen sat

@
(A.14)

These results indicate that the data from Design 1
transient section will be accurate at the initial portions

of each transient where (T ) is low if

brassbase Tspecimen
no rewetting of the micarta takes place. In most of the
runs of this type the specimen quenched faster than the brass
base vwith the difference never exceeding 200°F. The maximum
initial error for the case where rewetting of the micarta
is assumed is 20 Btu/hr obtained by substituting
Tspecimen B TBrassbase = 212°F and Tsat = - 320°F into
equation (A.14). A general value for the film boiling heat
transfer for this case is 200 Btu/hr. The error is.10%.

A.3.2 Design 2

This design cut the heat gains in through the
test specimen by at least a factor of 3. The respective

equations for the two cases described in Section A. 3.1 for

design 2 are

( = ,063 (T

qgain Z)NJ“A, brassbase Tspecimen) (A.15)
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.039 (

(qgain.Z)L,A, - Tbrassbase - Tspecimen)

(A.16)

.04 (Tspecimen - Tsat)

We are not able to quantify the heat losses very well from
these equations as the brass base temperatures was not
recorded during the data runs. The closest indication we
have of the behavior of the brass base is from the thermo-
couples placed on the preheater at the exit as shown in
Figure 5. The thermocouple was influenced to a much greater
extent by the tube than by the brass base. It did show,
however, a gradual decrease after steam was shut off.

A maximum value of the heat gains for design 1 and 2 can be esti-
mated by substituting a value of 200 °F for (Tbrass base_Tspecimen)
into equations (A.13) and (A.15). This gives a maximum heat gain for
design 1 of 20 Btu/hr and a maximum heat gain for design 2 of 12 Btu/
hr. These values of heat gain are present near the end of each transient
quench test. The film boiling heat fluxes in this range ( ATsat on the
order of 50 - 100 oF) is 1000 Btu/hr-FtZ. The respective errors for the
two designs are, therefore, 200 and 100%. These errors drop off sharply
for higher wall superheat data where (Tbrass base ~ Tspecimen) is small.

It is concluded that all transient data with wall superheats above 200 °F

will be free from heat gains.



173

APPENDIX B
Dezermination of System Variables and Experimental Errors

B.1 System Variables

The important system variables calculated in the
experimental program are mass flux, equilibrium quality
to the transient section and the saturation temperature
of liquid nitrogen at the transent section. The un-
certainties in these are related to the independant quanti-
ties which go into their evaluation. This section presents
the equation used in the determination of the quantities
described above and tabulates the estimated errors for
each. This is achieved using the principle of superposition
of errors (Toppingzs).

Mass Flux:

The mass flux is obtained by measuring the flow rate
of the evaporated nitrogen via two rotometers in parallel.
The rotometers were calibrated with water over the entire
scale of each meter. The following equation resulted.

3

G =1.143 x 10° { - 1.0806 + .07796 (R )] +

scale 1 1/2

)1-[(500 - pnz)pnzl _

(B.1)
[.1116 + .199 (Rscale 2

where the scale range for each rotometer is
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Rotometer Range Increment
1 0-250 2
2 0-100 1

The density of gaseous nitrogen, I is obtained from

2
the perfect gas relationship.
Pn2
P = 2.61 T (B.2)
n2 nz

The estimated uncertainties for the independant quan-

tities for G are given in Table B.1l

Variable .Uncertainty
Pn ) 6%
- R T

T iZ

™2

Scale reading 1 2%
Scale reading 2 27

Table B.1
(24)

From Topping the error in G due to the errors

in its independant variables can be determined from

66 = |=—= &P |+ |2 67T |+ |--+] ete (B.3)

taking representative values for Pn R Tn s Scale reading 1
2 2
and 2 and performing the operations indicated by (B.3)

gives
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§G

T - .09 (B.4)

Preheater Exit Quality:

Preheater exit quality is calculated thermodynamically
knowing the inlet subcool, preheater heat and unheated
lengths, insulation losses, preheater power, and mass flux.
The preheater exit quality is assumed to be the quality
of the transient section. This quality is determined
from (B.5).

X - 220 [ (QIN + DLOSS) (Lh

84 G DLENT) +

eated

2.73 L

unheated] [power to
2607.34 (Volt) (Amp) P

where QIN = preheater]

Lheated
1.23 (75 - T 11 era e) (B.5)
DLOSS = va av g [insulation
: 1.65 gains]
DLENT = ,5(AT ) /120 (QIN + DLOSS) [position
s.c of zero
quality]

The estimated wuncertainties for the independant

quantities for X are given in Table B.2

Variable Uncertainty
Volt 1/2%
Amp 1/2%

L 1/2%
heated /
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AT 1/22
S.c.
G 9%
Table B.2

Using the method of superposition of errors gives

§X

X = .01

(B.6)
B.2 Heat transfer data.

All heat transfer data is obtained from the transient
section and consists of the surface heat flux vs. surface
wall super heat. This is obtained from the temperature -
time transient assuming lumped heat capacity. The heat

flux and wall superheat assuming no losses are given

by (B.7) and (B.8)

v . T(i) - i
a/A = ¥ o(a + bT(1 + n/2)) [(HEZTU + 0,
('I'w - Tsat) = T(i + n/2) - Tsat (8.7)
where 1 = 1,2,3 +
n = number of points over which

the slope is averaged.
a,b = coefficients for a linear

temperature dependance of
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C vs T(i
p (1)

At = time interval

The assumption of no heat losses has been shown
in Appendix A to be extremely bad in certain instances
which has been discussed. For the data considered to
be free of heat losses, thermocouple errors and measurement
errors are the major sources of error. Table B.3 gives the
thermocouple calibration check for the three thermocouples
used in the measurement of transient thermal history.

The therocouples deviate from the standard thermocouples
tables only near the saturation temperatures of liquid nit-
rogen. Thermocouples 1 & 2 are recorded on a Leeds &
Northrup Speedomax W strip chart recorder which can be
read to .05 millivolts or 5°F at liquid nitrogen temperatures
(—300°F) and 2°F at steam temperatures (ZOOOF). The data
thermocouple (#2) is amplified, recorded on FM tape and
subsequently digitized and converted to temperatures on
the computer. Although there is no human interpolalian
errors, the resolution of the digitizing process is only
.01 millivolts. This is 1/5 of the error inherent in the
strip chart recorder. From this discussion the errors
associated with q/A and (TW - Tsat) within the assu;ption cf
no heat losses is on the order of 3%Z. This includes errors
of non uniformity of temperature resulting from the high Biot

number associated with the Inconel-600 piece.
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Temperature Thermocouple
Source (See Fig. 5)
liquid

nitroggn
(-3200 6 F)
1
2 (data)
3
iceo
(32.2°F)
1
2 (data)
3
stean
(212 "F)
1
2 (data)
3

Thermocouple Calibration

Thermocouple
Reading (Mv)

-5.51
—5051

-5052

0.0
0.0

0.0

4.285
4.288

4.285

TABLE B.3

Temperature (OF)

(Ref 26)

-3250
=325

-326

32.2
32.2

32.2

212.2
212.5

212.2
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APPENDIX C

Tabulation of Transient Data

Explanatory remarks:
G teeovessesssomass flux at entrance to transient section
X .............XE at entrance to transient section

TSAT eveeeceeesT ¢ at entrance to transient section
sa

-

LDO """""'LDO’ length of dryout in preheater
PREHEATER Q/A .heat flux in preheater that generated X

(TW -TSAT).....(Twall- Tsat) recorded during quench by

thermocouple 2
TIME ¢¢¢eesseqs.Time from start of quench

Q/A .iiieeeesesCorresponding q/A calculated from
- Equation (B.7)

Warning: Consider heat flux data at wall superheats of 250 °F
and less as faulty due to heat gains for Runs with
an LDO less than 5 inches. (see Appendix A)



RUN 73 RUN 98 RUN 9%

G: 217592 LBM/HR=8CG.FT. TSATT =318+8 (F) Gy 213788, LOM/HR: BO.FT, TSAT: =314:9 (F) G} .2314213+ LBM/NR=3G.FT. TS5AT: =318.8 (F)
X: 9.0 X L00: 2+ INCHES X; 87,7 X% L00:¢ ae INCNES Xt 39.5 % Loo) 2+ INCHES
PREMEATER G/A3 1751+9 ATU/NReBQFT. PRENEATER G/A} 1084108 BTU/NReSQFT. PREMEATER Q/A! 72321 BTU/HRe8QUFT.
SCECIMEN MATERIALY ALUMINUM 1108 SPECIMEN MATERIAL: COPPER SPECIMEN MATERIAL: COPPER *
FINISH: SMOOTH  ,pp, 50 INCH FINIGH: SMOOTH APP. 50 u INCH FINISM: SMOOTH  APP. 50 u INCH
TIME (T « TSAT) o/A TIME (Tw = TSAT) /A TIHE tTw = TSAT) Q/A
1HINUTES) (DFGREES F) (BTY/HReEQFT4) (MINGTES) (DEGREES F) (BTU/HR=BQFT,) (MINYTES) (OEOREES F) (8TU/HR=E6QeFTe)
@.128 S¢d.e 13538 ge213 1.3 21457 #.213 S5z8e2 241030
?+2%6 479.3 15009 0+a27 4“69.3 25364¢ ceb2? 2.2 27949
¢ +384 59.2 15078, 2640 430,14 238420 o640 “15.6 26582+
?e512 439.2 142630 e.853 393.1 218040 0853 3747 23204
Re6e0 s22.7 13036 1067 %97 18564 14067 340.3 19347
@768 23.5 11980, 1.280 132.6 15865 1.280 3113 17343
€.896 spl.E 11293 14493 1 27.6 14937, 10493 283.¢ 16303
tea2s ayre.e 1r329. 1707 (83.2 14203 1-707 257.7 146020
1152 3%9.¢ 9ale 1920 i 6@.3 12916 1.92@ 234.7 1299% ¢
1.280 Juben 75040 20133 129.9 11595 20133 2131 11622+
1e408 337.2 57440 2347 221.2 LR677 20347 194.% L0272
14536 320.1 5792 2.56@ $03.7 9322 ?e560 178.2 2999,
3213 6954 2:773 189.5 783t 2773 163.¢ T765%.
e.2 79924 2927 17649 7016 2.987 1816 ctan,
292.3 8047 3. p00 1654 6383, 3e200 139.9 61620
2R6.9 772%. 3+413 154.9 5904 3e413 13P.2 5197
275.8 74740 3.627 16542 .787+ 3.e27 1210 YT
2¢s.2 6992+ Y YY) 128.3 4087 3840 “P57.
255.2 6652¢ 8083 130.0 36760 4.053 3881
245.2 6349 802867 125.% 3039, 4267 3P,
236.3 6r17 Yyl 12047 2m63e ' XYL 2587
218.0 6078, Ls907 11146 225¢&- 907 2173,
181.2 5938 %760 . 98.7 1571 Ber60 1687
7687 23.5% 878
RUN 92 AN 93 RUN 9%
61 214213 LBM/HA=5G.FTe TSATS =314:6 (F) 61 R14213¢ LOM/HR=5G.FTe TB8AT; =314¢8 (F) 03 213308, LBM/HR=SG.FY, TSAT: ®316e8 (F)
X: 19.7 X L00} 2+ INCHES X 9.9 % L0O¢ 2+ INCHES Xt 87.5 % LU0t 96« INCMES
PREHEATER O/A: J460as1 BTU/HReBQ.FT, PREMEATER Q/A1 1B15¢2 ATU/HR=BOFT, PREHEATER O/A: 1@735+9 BTU/NR=BUFT,
SPECIMEN MATERIAL: COPPER SPECIMEN MATERIAL; COPPER SPECIMEN MATERIALS COPPER
FINISH: SMOOTHM APP. 50 y INCH FINIBM: SMOOTH  APP. 50 L.INCH FINISH; SMOOTH APP. 50 y INCH
TIME (TW « TSAT) /A TIME (Tw « TSaAT) 0/A TIME (T = 18aT) os4
(MINUTES) {DEGREES F) ({BTU/HR=BQFT. ) (MINUTES) tDEG IEES F) (BTU/HR=8OFT.} (MINUTES) (DFGREES F) (BTU/HR=8Q.FT4)
¢e213 499,83 22610 e+213 S 8.7 18814 @e267 11Xy} 19229
00427 A6le2 23133 9es27 44605 2052¢¢ 7+%533 LIY Y ) 19691 ¢
L2YYY ] 426.5 20757 [ 2¥Y1) b0 19150 2800 41041 17129
P+853 394.2 188410 @-853 48,7 173140 12067 378.0 15077
1067 3e5.7 16526 1-067 398.7 16130 1333 389.n 12388,
1280 1.1 14286 1280 31347 14386 10400 32744 10120
1+493 318.9 13712 10493 3,240 12421 ¢ 1867 307.4 9412
1.707 29%.9 138120 1e707 313.2 11117 20133 2a8.5 875m.
1.92@ 27404 12251 1-92@ 3.5.8 10698 ?e400 271.9 7900
2+133 2%5.e 11408 20133 297.9 10768 2:667 285.8 7198
22387 236.1 12329, 20347 219.8 10829+ 20933 260.8 6289¢
2+%6¢ 220.2 914 2+860 2u1.8 10236 3+200 229.0 S463e
2:773 205.1 8220 20773 2..5.5 9297, 3.467 217.7 4927
2.987 192.2 7253 987 230.5 B429¢ 3733 208.1 4372¢
3200 180.3 6616 3.200 2170 7689 XTI 1991 3939.
3-413 169.5% 5985 30413 {Z XYY 6897 40267 191.3 348K,
3627 159.7 5301+ 3627 193.5 62920 40533 1p4.2 ey
XY LY 151.2 4970, 3: 242 1429 5833, LXY 1] 178.4 2727
4053 1625 4438 4:053 1735 5323 5.067 172.8 2582,
4267 135.8 3653 40267 164068 48150 %4333 1673 2099
vent 129.2 12 4o aB0 186.9 283 Ses00 163.5 1949
o907 118.3 2890 6o 907 143.2 o902 60133 155.1 1689
5.76@ 2.3 1972« 50760 12144 2627 7202 1a80 1050

7enb?7 2.3 1283 94333 130.4 704

081



RUN 98

G: 216478+ LBM/HR®SG.FT.

Xs 785.6 X%

PoEHEATER O/A:

SPECIMEN MATERIAL: COPPER

Tire
(MINUTES)
e267
?+533
Xy 1L}
1067
1:333
1500
Je067
?2+133
FERY o
2:667
2+933
3-2¢0
3eat?
34733
asqCQ
4267
4+%33
ssROQ
%047
€333
KeslQ
60133
1 2144

FINISH: SMOOTH

(Tw = TSAT)
{DEGREES F)
491,.5%
LYY XYY
4012
3648
33%5.7
313.1
2914
2708
2%2.7
235.9
2?22+0
2v9.8
198.7
189.4
181.5
174.2
162.2
162.9
158.3
1e3.7
150.4
L4247
t43.9

RUN 98

63 123592 LBM/HR*S0,FT.

Xy 70,8 X

PLEHEATER Q/a2

SPECIMEN MATERIALY COPPFR

TIME
(MINUTES)
[ XXX 1)
P81
1.21¢
1.621
P-@27
Peald2
2+%37
3.243
3648
4°053
o 4%9
semeén
5.269
Ses78
sepap
XX 1]
&+R89)
70298
7723
wey?
8512
9323
17+944

FINISM: SMOOTH

'Tu = TS4T)

«DEOREES F)
S1aeh
478.2
48,5
42%.3
LI2-X¥ 4
kLY RY S
372.8
340.7
JaB.2
382.3
333.¢
325.8
217.8
3¢9.7
v2.2

« 296.93
289.7
2RA.n
279.%
27%.3
27140
262.9
2%2.3

TEAT: =316e8 (F)
LDO: 96+ INCHES

1428043 BTU/HR@SQFT,

APP. 50 u INCH

0/A
(BTU/HR=SQ.FTe)
20719¢
2274A0
19816
16053
1260
10733
1e18%.
9264~
2311
7275
6160
S48pe
4782
ap2y.
3545
IN9s.
2625+
2296+
2131
17P 1
18¢3-
1%¢68.
1038

TSATS «317.3 (F)
LCO! aB. INCHES

195029¢7 ATU/HReSOFT,

APP. 50 y INCH

Q/A
(BTU/MR®EQFY )
10814
18989
87%0.
7117
6162¢
5270
Y32
40930
3169
2392
2323
20ag e
2568«
2682,
2128
1982,
1883,
1611
1434
1339:.
1259+
11223
791

RUN 96

G 218672¢ LBM/HR=SG.FT.

X: 48,1 X

TSAT) =318.8 (F)
LDOS &8¢ INCHES

PREHEATER Q/A! 14795¢3 ATU/HReBGFT,
SPECIMEN MATERIAL: COPPER

TIME
(MINYTES)
o267
2533
[- X1 ]
14067
1+333
1+6€0
1+867
2133
2400
2667
2+973
j-200
3:487
3733
sspCo
X134
4533
LYY {4
5.067
%:333
5600
44133
7200

FINISH: SrO0TW

(Th = TSaAT)
tDEGPEES F)
47640
LYY AL
420.3
397.5
377.4
a57.9
34341
329.7
317.3
305.1
2934
2Rr2.0
2708
2608
251.7
24208
233.7
2260
219.7
213.6
20647
196+93
178.3

RUN 99

01 123592« LBM/HR=SG.FT.
X

X: 6By

PREHEATER Q/At

SeECIMEN MATERIAL: COPPER

TIME
(MINUTES)
Peads
2818
10216
1+623
2-027
20432
2+837
30263
3448
4253
4+459
heBEN
5269
Se678
XYL
XX L]
€891
7296
7721
8-107
ne512
9+923

FINISH: SMOOTH

(TH = TSaAT!
{DEGREES r!
51046
LLT XY ]
“64,7
43244
41346
396.s
381.5
368.9
35646
38609
. 3384
330.s
32246
31409
rS.n
297.9
290.9
2R4.9
27 .2
26943
2600
257.9

APP. 50 u INCH

/A
(BTU/HR=8QFT.)
14396+
18107,
12480
18718,
9766
8340
6BB9.
6279.
5966«
577¢&
5564
Be9Re
5145
(X110
4213,
“272.
3883
3308,
k[2%. 1)
306Q.
27680
2678
1829

TBATY #3168 (F)
LDO: &8¢ INCHES

85722 RTU/HR®SQ.FY,

APP. 50 u INCH

Q/sa
(BTY/HReEA.FT4)
9775,
9328+
7938,
6770,
5899,
5235.
4864
4030
kLY 1
2976
6470
24820
260n.
2728,
2578
2316
2058
2548
2458,
1636
1351
11760

RUN 97

G 213299, LBM/HR=88.FT,

Xt 21.8 X
PREMEATER Q/A}

TIME
(MINUTES)
2267
8533
[AKY 1)
1°067
1+333
1600
1+2¢7
133
2e002
2+:667
2+933
J.200
3067
3733
LXY 144
4267
4533
soned
E.Q67
€333
LXY
61233
7-200
9333

TSATY #3149 (F)
LOO: 48+ INCHES

788801 BYU/HR=SQFT,
SPECIMEN MATERIALE COPPFR
FINIGM: SMOOTH

(T = TSAT)
{DEGREES F)
L1477
“80.4
4562
433.8
413.9
395.7
378.5
3642
3%0.7
33948
.o
321.n
311.1
e.?
2%9.%
278.7
2+9.6
262.9
?51.6
243.9
236.9
2211
195.7
162.2

AUN t00

Q3 123592, LBM/HR>30.FY,

X: 20,06 X
PREWEATER G/Ag

TiME
(MINYTES)
10067
2133
3200
4267
5+333
6h0Q
7467
8:533
9600
10+687
11733
12-800@
13867
144933
1se00e
17+067
ir+133
t9.20¢
200267
214333
22.a00
244533
28+80¢

APP. SO u INCH

/A
tBYU/HR=6Q.FT,)

12788
13297
11748
10599
a9
8777
7773,
6833¢
5974
48330
LYY 1.0
LROB.
Se12e
52158
5298
87740
“a@3e.
4298
3924
3491
3532.
3386
2664,
1277,

TBATE =316:3 (F)
LOO: 48s INCHES

4138+0 RATU/HR=SGFT,
SPECIMEN MATERIAL:T COPPER
FINISH: SMOGTH

(Tw = YSAT)
{DEOREES F)
477.8
42804
359.7
358.8
336.6
318.2
299.2
2R2.2
268.3
258.5
247.8
280.2
231.2
27%.2
219.3
2t1.2
208.1
2ve.9
193.3
iR6.9
181.9
172.8
15648

APP, 50 u INCH

Q/a
(BYU/HR=BBFY.)
6813,
5508
4308,
3257.
26740
2268
2173,
1854,
1817
1222+
1087,
949,
887,
73R,
LEL T
235,
6040
692+
219,
665
L1¥-2)
512,
ALRe

18T



6: 30787,
Xt 1846 %

PLEHEATER O/4:

SPECIMEN Ma

TiMe
(HINUTES)
14493
2.907
4480
§+973
72467
B+960
12453
11947
13440
14+933
16427
17.92¢
19+413
2¢-907
22.u0@
27893
25+3R7
26+0BQ
2#+373
29+867
31+762
34307
ARe320

[} 30894,
X3 69.4 X

PREHEATER ©
SPECIMEN MA

TIME
{MINUTES)
@eh27
e*a5)
1+280
1707
2-133
2+560
2+927
3-413
ERE.LY S
4267
4693
5547
6sePR
7+2523
Re107?
8960
9.213
10.6867

RUN 101

LBM/HR=SGF T, T
L

TERIAL: [INCOMNEL 600

BAT] «328.3 (F)
DO 3+ INCHES

273+2 BYU/HR=SQFT,

FINISH: SMOOTH  ,pp. 10y INCH
(Tw » TSAY) (7}
(DEGREES F) (BTU/HR=S0.FY.)

47549 4225,
424.9 4843
3R1.e 3906+
3465 325%.
314 2937
FL LR 257e»
259.3 2138
237.6 1767
219.7 1517
or3.2 13140
189.5 1192
175.% 1e2s.
1650 831
155.0 R12e
later 730
138.2 6lue
13141 SRee
123.4 5580
1178 LR TY)
110.7 612
1e2.2 515,
93.4 299,
RE.7 215.
RUI (08
LBM/KReBG,FTs TEAT! =»320.0 (F)

L00; 3+ INCHES
/A% 1RB33+§ BYU/HR=SGFT,

TERIAL; IMIONEL 600
FINISH: SMOTH APP.

(Tw = T8a7)
({OEGREES F)
49647
AT71.6
AS5Q.0
429.9
s12.2
395.1
377.4
3¢0.3
85,2
333.0
321.2
296.2
275.0
Z%a.p
23%.8
et7.9
202.8
129,.3

10 u INCH

o/A
(BTY/HR=E0,FT,)
8946
8657
7638+
6823,
6192
6176+
60540
SuBge
4635,
404
3996
378%.
3382,
3114
28R4
2540
2184
1907,

61 31677 LBM/HR
Xy 2846 %

RUN 102
«8GeFT,

TBATS =328.3 (F)
Loo: 3+ INCHES

PREWEATER Q/AY 7:3+3 BTU/HReSGFT

SPECIMEN MATERIAL:
FINIGH;

TIME (Tw
{MINUTES) {of
19493
2+987
LW
8.973
Teub?
B+960
104453
11947
13440
144933
16-027
17-920
19+413
22907
22-u0?
274893
25+3R7
26-880
28+373
29.867
31360
344347
4pe320

a1 59526 LeM/HR
X3 39.¢ x

INCU'EL 600
SFOOTH  APP. 10 u INCH
- 1SAT)
GREFS F) {BTU/HR=EG.F T, )
1506 4166
398.8 4953
kLYY PRy
315.1 3537
277.9 3148
24649 2523
221.9° 2032
2¢8.9 1620+
18406 129R"
170.6 1168,
157.% 989,
14?00 8ids
137.9 ' 720
130.0 651
1227 585,
11546 493
109.p0 a7
103.9 LXT X
$8.7 3sa.
a%.3 h2@
LI a5y,
78.4 285,
69.7 185
RUN 109
SGeFTe TEATL =319.8 (F)

Loo: 3¢ INCHES

PREHEATER O/A1 1906+4 BTU/HR=SOFT,
INCONEL 680

SPECIMEN MATERIAL:
FINIgH]

TIME T Tw
{MINUTES) {0E
1280
?2+560
3860
S.120
6400
7-680
LXE:-114
lpep4e
11.52¢
12-r02
14.080
16+642
19-202
21.760
24-32¢
26+RAP
294440
3p.p00
344580
37+120
39-a82
87600

SMOOTH

e TSAT)
(iIREES F)
7597
94,2
Tuleg
299.0
264601
238.2
21601
197.7
183.5
1708.3
159.9
141.6
126.9
{11P.2
1041

91.1

83.1

75.9

67.8

627

.0

37.6

APP. 10 u INCH

O/A
({BTU/HR=8GFT,)
8254
6959
5379
42180
2400
2506«
2074
1647
1373
1188
960@
786
735
5380
458
83
LT3
386
297
326
375
355

G 3ere7.
X: 49,9 X

PREHEATER G/At

AUN 193

LBM/HReSG.FT, TEATL =320e0 (F)
Loo: 3¢ INCHES

SPECIMEN MATERIAL:T [INCONEL 608

TINE
(MINUTES)
D427
@+B853
1-280
1707
2133
2560
Pene?
3e413
P40
he267
4693
Se847
FRX1dd
7.2%3
Re10?
£e9AQ
9.813
10687
11+520
120373
13.227
14+933
16-640

[H] 60917« LBM/HR=SGFT,

X: 123 X

PREHEATER Q/A:

FINIgH? 8"007& APP.

(Tw » TSAT)
(DEGREES F) (
47843
43244
3.6
339.2
299.¢0
26401
2240
20944
19¢.3
173.9
16€.6
129.7
122.7
111.p
99.¢
¥ .6
a5.1
78.6
72.8
699
t5.0
50.2
5389

RUN 107

131046 ATU/HRSQFT,

10 u INCH

Q/A
BYU/HR=E0.FT4)

17823
17811
16169
14320
12436
18388
8523
(Y3133
5379
LY Y-+-2
3639
2732
2045,
1627+
1422
10¢6 o
829
839
587
53¢
465
4A0
Jey.

TSAT: «319.8 (F)

L00¢ 3. INCHES

SPECIMEN MATERIAL! INCONEL 600
FINISHE  SMOOTH  ,pp. 19y INCH

TimnE
(MINUTES)
[ X3 L.I"]
10760
2+640
3+520
LYY 1]
5280
6:160
7-040
7.922
RepooQ
9628
11440
13200
1he960
16-72¢
18400
2P 240
27000
23769
25.520
27-28¢

(Tw = TSAT)
(DEGREES F)
LT XY
423,84
3887
352.¢
328.6
320.3
276.9
25%.¢
23646
2204
203.7
174.3
148.7
13¢.2
11%.9
10440
918
872.9
72.7
642
674

680 +6 BTU/WReSQFT,

0/A
(BYU/HR=BOF T4 )
6807
&899,
5785
o896
4248
3884
3498,
3108 °
2693
2461
2358+
1985,
1556«
1146
898
’ige
7100
636
617.
5040
1854

81



RUN 119

Gt 613%1e LBM/NR=8G.FT,
X1 49.0 X L0O:
PREMEATER G/A: 25718 BYU/HReSQFTe
SPECIMEN MATERIAL INCONEL 600

TSATE =328¢8 (F)

3¢ INCHES

FINISH; SMOOTH  APP. 10 u INCH

TIME (Tw = YSAT)

(RINUTES) (DEGREES F)
2.960 466042
1+920 L3E XYY
2.88¢ 372.%
e840 33%5.6
4200 3e5.5
5e76€ r 758
g+728 Z51.9
7-6RC 231.4
Ee602 213.3

9:60@ 198.0 f

10569 180}
12-482 167.9
16409 1528
16+37¢ 140.3
180262 13¢.4
2@.160 117.4
22.02¢ 10S.a
240000 97.6
25.927 90,6
27.849 LITX
29.760 8.8
35.769 567

RUN 117

0: 122799 LBM/HR~SQ.FTe
X$ 16.9 % Loos
PREMEATER G/A: 1771¢9 BTU/HR=BGFT,
SPECIMEN MATERIALSD INCONEL 608

(BTU/HR=EQFTs )

8475
74580
6067
4996+
4386
kLYY
3125
2673
2280
2241
1613¢
987
898e
72@.
736
776
628
L0
356
361
421
297

TSATI =319 (F)
3+ INCHES

FINISHS SMOCTH ,pp 10 u INCH

TIng (Tw = TSaT) osA
(MINUTES) (DEGREES F) (BTU/HR=BQ.FTs)
geg60 50442 53460
ee320 498.9 9170
e-aR® LYY 12981+
[ XY 1] 472.9 11229+
e-800 46300 8581
?+960 455.5 7026+
1122 489.0 5929,
1e2%2 4834 5695
1e00e 437.3 593¢
1.60¢ 431.2 5218
1:760 426.9 3653
2.p0¢ 419.3 41260
2,002 8296 AR4De
2e720 398.9 46340
3.040 3r9.9 4315,
3.360 k1LY ~098¢
3.682 372.1 3607
Nep@0 36447 b142e
4.320 3%54.3 4994
Ao 600 362en 599% ¢
4.960 327.8 6887
senbe 243.9 6991«
7e90C 1718 5370
9.060 116.8 5962

PUN 111

[ 621880 LOM/HR=SGFT TSAT] =320+0 (F)
X3 68:4 X LDo:? 3¢ INCHES
PREMEATER G/AL 3636¢8 BTU/HI=SQFT,
SPECIMEN MATERIAL: INCUVEL 400

FINISH: SMOOTH (PP, 10 u INCH

TIME (Tw = YSAT) /A
I{MINUTES) {DEGREES F) (BTU/HReSQeFTs)
20960 81,2 8890+
1+920 397.5% 78180
2.880 354 .5 6a21
3840 312.9 5062+
sopoe 2r2.8 4397
5.760 2%1.9 3598,
6e722 231.7 28e7.
74680 211.% 2372.
8640 196.9 1938
9.602 1841 1689
10+56@ 171.6 1436
12.480 15403 1298
14400 137.2 1008
RUN 318

0F 126470+ LBH/HR=80.FT, TOATE =318¢8 (F)
Xt 308 X LD0t 3¢ INCHES
PREHEATER O/Af 3332:# BTU/HN=SQFT,
SPECIMEN MATERIAL; INCONEL <02

FINISH: SMODTH  APP. 10 u INCH

TIME (Tw = TSAT) 0/A
{MINUTES) (DEGREES F) (8TU/HR=8QFT,)
0:160 5e3.4 ta204e
z+320 48601 171630
[ XX .1 469.0 17528+
e-640 452.7 17864+
9-80@ 432.5 17031
2:960 4154 16001
1120 398.9 15671
1.28¢ . 38246 14435
1+468 367.9 13626+
1+.400 3%53.2 1277e
1.76@ 339.9 11682«
2.08¢ 3185.2 10795
2+4P0 . 291.2 10124¢
2e720 268.7 9174
3:040 248.4 2207,
3360 229.8 7599
3680 211.8 6943
4200 195.9 8980,
40320 18242 54060
hebhO 168.8 5231
4e9680 188.7 se5p.
5.960 . 1{7.8 BBMAe

RUN 118

@ 60478, LBM/HR=E0.FT,
Xt 98+3 % L00:
PREMEATER Q/7A: 1669¢7 ATU/HR=SGFT.
SPECIMEN MATERIALS INCONEL 600

TEATS =319.8 (F)

As INCHES

FINIGM: SMOOTW APP. 10 y INCH

TIME (TW = TSAT) Q/A
(MINUTES) (DEGREES F) (BYY/HR=SQ.FT.)
20853 4528 10678
10707 397.0 9233
20568 348,14 7378»
Jealld 310.s 6187
40267 273.4 Sa52¢
5e120 242.7 4408
5.973 217.3 3383~
6827 198.r 2973
7682 178.2 2p27.
#0533 160.9 22@p.
9+2R7 148.3 1931
11.293 123.3 1418
12.800 1088 974
14507 95,8 918
164213 8201 Ylae
17.920 The7 575,
19.627 452 E1ge
21333 H9e b A9p.
23040 SPeb 223
RUN 19

Q1 127269+ LON/HR=SG.FT.
X3 52.3 % LDOt
PREMEATER O/A% S6B6e7 BTU/NReBOFT,
SPECIMEN MATERIAL! INCONEL 6089

TEATE *J1Re8 (F)

3+ INCHFS

FINIGH: 8MOOTHM ,pp, 10 y INCH

Tine (T = TSAT)
{MINUTES) {DEGREES F)
20160 £00.8
e+320 “r2.7
[ XY% 1] 462.9
0:640 LYY Y
o-800 422.9
9.960 “eh.2
1120 386.0
1.280 368.8
1ehb0 351.5
1+600 336.9
1+768 322.8,
pe082 29%.2
2+400 2869.2
2e720 246.8
3eps0 227.3
3360 209.2
Jenle 192.6
44000 177.%
4320 163.3
heerd 152.8
40960 139.8
5:960 107.6
60969 30.2

Q/A
(BTY/HR=60+F T}

13773
18928
19817
19431
18622
17826
16689
1591
103860
13093,
125084
11654
10385
Bp22.
7722
7277,
6396
8837
5248
4635
4284
6561
se22.

€81



AUN 128

G 126051« LBM/HR=8G.FT, TSATE =318+4 (F}
L00¢ 4+ INCHES

Xt 71.6 X

PREHEATER GQ/A¢
SPECIMEN MATERIALY

TIME
(MINUTES)
Q160
v+320
[XXY 1J
€ 5640
.8¢0
2962
1.12¢
12822
1eahe
LYY
10762
2+00e
2402
2+720
3040
33602
3en8C
404
se32¢
LXY X1
4060
6242
7+52@
fepoe

a3 200980« LBM/HR=50.FT,

X: 72,7 X

TiME

(MINUTES)
0299
724597
2+896
1195%
1493
1+2792
2.091
2+329
2688
2987
3.208
3+883
houBe
5.277
K675
€e272
e*069
7467
8364
8661
9+259
11648

FINISH] SMOOTH ,pp

(Ta = TSAY)
(DEGREFS F)
52146
Lk Y
4627
442.3
4p2.%
47 3¢3
3RS
366.9
ELT- Y
335.3%
320.3)
29408
269.3
24%5.9
22647
20%.2
129.1
176.5
1632
152.8
142.2
1113
90.7
Then

RUN 128

7718¢4 ATU/HReSQFT,
INCONEL 682

+ 10 u INCH

Q/A
(BTY/HR=8GFT,)
13824
194470
20260,
19497,
1R7CY e
17959
1699¢+
15761
14454
13632
125620
11098
10430
9384
8425.
7255
6173
SP25.
4277
4208
3681
24240
1703
1366

TSAT: =316:0 (F)

Loo1 3+ INCHES
PREHEATER Q/A) 1248R¢8 BTU/HR=SQFT,
SPECIMEN MATERJALS INCONEL 600

FINIgH: SMOOTH ,pp.

ITw = T8aT)
(DEGREES F)
7.7
41%.7
378.0
38806
31%5.5
28R.9
263.5
264042
21R.6
199.4
183.7
174 .8
132.8
115.3
1016
91.5%
B2.8%
76.7
71.3
66.7
€.
a%.7

10 u INCH

Q/A
(BTU/HR=8Q.FT,)
19498
22397
17739
15221
13261
12127
11191
10124+
8968
7753
6767
5302
42320
3123,
238Re
1860
16610
1138
969
ROY e
211
9Rp.

IUN g22

61 205430. LBM/HR=3G:FT,

A L7 X

PREREATER O/Ag
SPECIMEN MATERIAL}

TIME
(MINUTES)
@299
74597
2+896
14195
1:493
1.792
2:091
2:389
2.628
2.927
3285
3.823
aoamp

FINISH: SMDOTH

(Tw « TSaT)
(DEGREES F)
4718
4297
390.7
335.3
32402
295.6
268.%

L TK]
221.8
eeP.n
183.7
114.6

2.3

RUN 126

01 200988. LBM/HR~8G.FT.

Xy 105 X

PREHEATER G/Ag
SPECIMEN MATERIAL:

TIME
(MINUTES)
P+299
2597
@896
1+19%
1+493
14792
2+091
2389
2+6P8
2-987
3.285
3+8%3
4480
£.077
8.675

FINIgH; SMOOTH

(Tw = TSAT)
{DEGREES F)
(824
1493
419.3
391.7
16548
343.2
$21.7
P07
i80.1
t61ey
243.9
712.9
18246
153.9
125.2

T8AT: =3166 (F)
Lpot 3¢ INCHES

839701 BYU/HR=SQFT,
INCONEL 600

APP. 10 u INCH

Q/sA
(BTU/HR»BOFT, )
19064
2087% .
18695
16354
14340
12949
11784
10595,
9198
R30S,
8588
18367
10473

TBATS «317+Y (F)
LDO? 3¢ INCHES

18L0+4 BTU/HR=BQFT.
INCONEL 600

APP. 10 u INCH

Q/A
(BTU/HR=80.FT,)
154500
16496
14767
13816
11967+
10633
10157
9823
9161
8281
7451
67323,
63300
600
14149

- RUN T23

G] 204939, LBM/HR=8G.FT,

X3 19.2 X

PREHEATER GQ/A!
SPECIMEN MATERIALS

TIME
(MINUTES)
80299
0597
2896
1198
10492
1782
091
2+389
2+688
2+987
3288
3823
hobRQ

FINISH: SMOOTH

(Tw = TSaAT)
(DEGREFS F)
46847
422.8
380.3
42,6
9.5
279.7
2514
22%5.3
20304
1£3.2
163.9
122.8
53.9

RUN 1331

Gt #0691 LBM/NR=GG.FT.

Xy 917 X

PREHEATER Q/A!
SPECIMEN MATERIALY

TIME
(MINUTES)
533
1:067
1+600
#4133
20667
3e200
34733
44267
44800
5+333
se867
6+933
BeprQ
e 267
10-133
11200
124267
13+333
142400
15467
1645833
21333
26+%533

FINIGHS SMOOTH

(Tw = TSaT)
{DEGREFS F)
408.8
3¢9.8
38102
310.5
281.5
256.2
324
e312.2
194.1
178.9
166.2
14604
138.7
118.9
109.4
IPLen
94,2
29.5
23.9
791
73.3
57.2
48,6

TSAT: =386¢2 (F)
003 3¢ INCHES

861206 BYUIHReS(«FTe
INCONEL 620

APP. 10 u INCH

0/a
(BTU/HReEQFTs)
204270
227480
eeeig.
172¢€8
14923
13464
12329
10732
9183+
Rélge
7297,
11282-
1209%.

TSATE =319:8 (F)
[€.1. 1 3¢ INCNES

475946 RTU/HR=B34FT.
ALUMINUM 1128

APP. 30 u INCH

O/A
(BTY/HA=S0.FT.)
71810
58160
80130
4981
e
3976
3s17.
Jezs.
2605+
2159
1R02.
1355
1028,
797
653
567
dbge
379,
383
389,
320
2lae
1%

¥81



at 61872
A 6946 X%

RUN 132

LBM/HR=SGFT,
L00:

PRENEATER Q/A:  3g3aef ATU/HReSUFT,
SPECIMEN MATERIALS: ALUMINUM 1120

TIME
(MINUTES)
?e533
10067
1e600
2+133
2.667
3.200
34733
he267
4o80CQ
€+333
5e8¢e7
6+933
LEY 4
9.267

.1} 61968 LBM/HR=EG.FT,
x

Xt 6746

FINISM: SHMOQTH APP. 30 y

(Tw = TSaAT)
(VUEGREES F)
K79
P2.%
772
73.3
695
“5.7
rlel
59.8
5549
3.9
1.9
5.7
42.5
ELED)

RUN 138

L0ot

PREHEATER GQ/AT  I383¢6 ATU/HR=SQFT.
SPECIMEN MATERIAL] INCONEL 60@

TIME
tMINUTES)
P53
1:067
10620
2+133
2°667
3+200
3733
4267
4800
$+333
B.R67
6933
repeQ
9067
12133
11.20¢
12267

FINISH: OXIDE COATING

(Tw = T8aAT)
(DEGREFS F)
41701
378.2
343,9
31443
286.3
259.5
23646
21%.a
196.8
100.4
165.6
1816
1220
104.8
8.4
73.2
84,2

TSAT! =319¢6 (F)

3« INCHES

INCH

Q/7A
18TU/HR=8Q.F T, )

Béae
RBae
677+ .
5890
558
5699
“23e
429
831
29¢.
366
agpe.
S1Re
1396

T8ATT =31%9.6 (F)

2+ INCuES

Q/h
(BTU/HR=8QFT4)

11776
10186
8678
7657
7129
6334«
5522¢
4922+
4245,
3732,
319¢:
2528
2097
1880
17430
1867
3324

RUN 133

at 597420 LOM/HR=S0.FTe
X3 81.6 % .00}
PREMEATER G/A] 28378 BTU/HReSOFT.
SPECIMEN MATERJALS ALUMINUM 11080
FINISN: SMUOTM  APP. 30 u INCH

TSATE *319.7 (F)
2¢ INCHES

TIME (Tw = TSaAT) [ T4 )
{MINUTES) (DEGREES F) (BTU/HR®8G.FT4)
2800 450.7 9392,
1+300 ‘eBe2 8147
<800 363.3 7318,
2-302 327.9 5964«
Pe8CO 296.8 Se24 .
3-30¢0 271.¢ 4449
3+8CC 245:.6 - 3874
4-820@ 208.5 3385,
800 165.2 2657
RUN 136

Q1 61329 LBM/HR=S0.FT, TSAT; «319+7 (F)
X} 80,3 % LD0: 2+ INCMES
PRENEATER G/Al  2637¢2 BTU/HRaBOFT,
SPECIMEN MATERJAL: INCONEL 600

FINISH: OXIDE COATING

TIME {Tw » T34T)

IMINUTES) {DEGREFS F) 18YU/HReBQFT0)
P53 40%.1 11074,
11067 6802 9530
1:600 336.2 8225,
2133 3¢7.3 70860
20667 279.6 6863
3209 254.3 6065,
3:733 231.8 5401
42267 211.0 a770.
hegoQ 192.9 41040
5333 1771 3674
54867 16241 3308,
64933 137.0 279%.
LR 113.7 2581
9.267 91.3 2561

124133 6740 38858,

RUN 134

6 613200 LBM/HR=SG,FT,
X: 198 X LDO:
PREMEATER G/A?  1036¢6 RTU/HR=SG.FT,
SPECIMEN MATERIAL: ALUMINUM $1¢

TSAT: =319:6 (F)

2+ INCHES

FINISH: SMDOTW  ApP. 30 y INCH

TIiMe (Tw = TSaT)

(MINUTES) (DEGREES F)
*+53) 392.2
1:067 LY. 7YY
1+600 332.4
2133 3IC6en
2+667 2Rr3.5
3200 26146
3733 24041
4267 221.7
4e8CQ 2¢5.5
$+333 187.9
Sene? 17402
€+933 149.9
a-200 131.8
a.g67 1165
10133 121.7
11.700 R9,.9
19267 76.7
134333 £5.0
1arace 5Z.0
15+4067 €241

RUN 137

L1} 613290 LOM/HR®EG,FT,.
Ny $93 X LDOt
PREMEATER Q/A1 1011¢3 ATU/HR=SGFT,
SPECIMEN MATERIALY INCONEL 600
FINISH: OXIDE COATING

TIME (Tw = TSaT)
(MINUTES) {DEGREFS F)
2533 42145
10067 ge.s
12600 381.5
24133 33%.2
2-667 312.8
3200 298.9
3733 2¢8.9
4267 248.9
4800 239.y
54333 213.3
8867 198,1
6+933 172.2
ae.goe 149.3
9067 129.1
1212 v 112.8
11+200 2.6
12+267 72.7
13+333 38.5%

0/
(BTU/HR=8QFT4 )

6098
5122
4397,
b6
3677
3520,
3197,
2753
26620
2442,
2849
1628
1261
1117

990,

922

913

872

225
1826+

TSATS =319:9 (F)

3+ INCHES

Q/A
(BTU/HR*8Q.FY,)

9492,
[13%-1
736pe
6588
8703
5735,
S5e8.
4902.
44270
3928
3398
2902,
2%¢B.
222@.
20%9.
2093,
2948
kE{ T

S8T



R"UN 138

a: 62632 LBN/HR=8C.FT.

X: 89.1 X
PREHEATER O/A3

SPECIMEN MATERIAL:

TSAT: *319:9 (F)
[X.L.K] 3« INCHES

475443 BTU/HR=SQFT,

FINISH:

TIME (Tw » TSAT)

tMINUTES) (DEGREFS F)
Pe833 422.9
1+067 L0108
1.620 373.2
2°133 3674
24667 325.8
3.200 Ice.e
3.733 2b009
AeR0? 265.6
beRPQ CaR.?7
5+333 233.9
LYY 219.2
6+933 19644
peoeo 17%5.5
9267 18541
12-123 16l
11.2¢0 127.0
12+247 11&.9
13.+333 i08.3
14400 102.9
18467 97.%
16533 93.9
21533 Ta.Q
26-533 614

RUN &)

G 30292. LBM/HR=SOFTo

Xt 28,9 %
PoEHEATER O/A2

SPECIMEN MATERIAL}
FINIgH

TIME
(MINUTES?
20533
1¢067
10600
2133
2°667
3200
34733
4e267
XX 1.0
8323
Se8e7
64933
p.000
9267
10+133
11.200
12+267
13.333
1asace
18467
16533
21533
26+%33

INCONEL 602
OxIFE COATING

Qsa
(BTU/HR=8Q:FT,)

94640
BAN2.
7854
6461
S74ae
55240
5057¢
45i@.
4103
3682
3243
2645
2460
2073
1624
13264
1063
786
60pe
LTI %]
AERe
382
3aq.

Y8AT: =3208.1 (F)
LDOt 3+ INCHES

74841 BTU/HR=8QFT,

(Tw = T8aAT)
(DEGREFS F)
4005
418.1
397.2
3767
357.a
340.9
325.2
379.7
293.8
2794
268.2
26t.€
21947
2014
1R6.1
172.%
16@.7
149.8
14100
132.8
12%.3
96k
7246

INCONEL 688
OXIDE COATING

/A
(BYU/HR=8QFT.)

6650
61980
5835¢
5531
491
4363
41830
4159
3967
3704
3425,
28355
24650
20460
1748
1507
1312
11490

981

90a.

766

626

858

[.3] 317660 LBH/HR=30.FT,

Xt 66et X
PREHEATER G/AR

AUN 139

L
17569 BTY/HReS

SPECIMEN MATERIAL: INCONEL 400
FINIGH: OXIUE COATI

TIME
(MINUTES)
@533
1:067
160280
2+133
Pe667
3.20¢
3+733
4267
4+BCO
§+333
5867
£+933
[l
9.267

(.1} 29722+ LBN/HR®304F T

X3 10.0 X
PRENEATER Q/A}

tTu e TSAT)

(DEGREES F)
423.5
L1 2 URY
380. ¢
360.1
3424
325.3
3295
293.9
27944
2682
2s2.2
227-9
227.8
198.2

4UN 142

TBAT: =328.1 (F)

(-1 ]] 3¢ INCHES
QeFT

NG

/A
tBTY/HR=80FTs)
6500
61400
5710
5183
4722-
4402
4158¢
3973.
37100
34463
3333.
2759
2243
191@

TSAT: =320:2 (F)

LOO0S 3¢ INCMES
250¢2 BYU/HR=S0FT,
SPECIMEN MATERIAL! INCONEL 600

FINISH: OXIDE COATING
TIME (Tw « TSAT) /A
(MINUTES) (OEGREES F) (BTU/HR=8Q.FT.)
Me533 142.9 6480
10067 139.7 To4e
14600 1365 560
20133 1349 S64¢
2+667 13146 7540
3200 128.3 663
3733 12%.8 571
42267 123.3 669
4800 1199 SThe
54333 118.2 388
SeR67 $16.5 581
64933 110.8 638
Be200Q 1e8.2 5460
9+067 10@.8 502
10-133 96.2 s508.
11200 916 Sba
12.267 R6.@ 779
134333 17.8 733
14cat@ 726 L1320
185467 66.7 S38.
16533 62.7 491

RUN 140

[H 306410 LAM/HR=8G.F T,

X: 4843 X

PREREATER Q/A¢ g
SPECIMEN MATERIAL:

TIME
(MINUTES)
2532
10067
14600
20133
2+667
3200
34733
4267
4oB0R
50333
Se867
€923
8.200
9267
12433
11-208
12267
130333
1ses@
15+467
16533
20.808
25+067

TEATL =326+1 (F)
Loo¢ 3¢ INCHES

12668 RTU/HReSQFT,
INCONEL 680

FINISHT OXIDF COATING

(Tw = T5aT)
(DEGREES F)
Mel146
b16.0
392.1
3696
3a9.n
33146
3147
297.3
2813
26%5.5
251 .&
e27.2
206.3
1RB.¢
1727
160.7
169.¢
138.8
129.2
121.8
115.¢
89.7
697

RUN 143

85 120311 LBM/HR*S0.FTs

Xi T4.5 X

PREHEATER O/A3

SPECIMEN MATERIALY COPPER

TIME
{MINUTES)
2500
1000
o508
2.000
24300
3.000
35020
4.000
Ae500
5.0€0
S.500
ey L]
6500
7-020

FINISH: SMOOTH

(Tw = T8AT)
{OEGREES F)
468.3
“03.2
38163
3e2.3
256.9
223.3
19%.5
175.7
1826
13%.8
119.8
112.2
104.8
8.

/A
(BTU/HR=6QFY4)

7744
7072
6518¢
5858,
5183
47190
4557
“38p°
81260
3783,
3359
2R2n.
239
2017
1622¢
1389,
1277
11840

99¢.

Bige

727

635

506

TSAT: =318¢7 (F)
L00¢ 3+ INCHES

76586 BTU/HRSQFT,

APP, 20 u INCE

Q7A
(BYU/HR=80.FTe)
17813,
16807«
13127
10838
120643
7723
5933
8320°
4949
L1 -L1.1
2853
181p.
1661«
1550«

981



RUN 148 RUN 148 RUN 106

[} 12226 LBM/HR®SG.FT, TSATY =319.2 (F) 03 118047, LBM/HR®SGFT, TBAT] =319:2 (F) Q1 125648¢ LBM/HR=80.FT. TSAT: =318:9 (F)
X3 83,7 % Loo: 3¢ INCHER X3 33.8 % L003 3¢ INCHES Xt 18.9 % LDo3 J¢ INCHES
PREHEATER G/A: 93812:A ATU/HReSOFT, PREMEATER Q/A3 23308+8 BTU/MI=SQGeFT, PREMEATER Q/A: 1702+8 BTU/WR=SQ.FT,
SPECIMEN MATERIALT COPPFR SPECIMEN MATERIAL; CoPPER SPECIMEN MATERIAL} COPPER
FINISH: SMOJTHM  APP., 20 u INCH FINISH: €MODTH  APP, 20 u INCH FINIBHt SMOOTH  APP. 20 u INCH
TINE (Tw ® TSAT) G/A TiMe (TWw « TSAT) 74} TIME (Ty o TSaAT) Q/A
(MINUTES) (DEGREES F) (BTU/MR=8Q,FT4) (MINUTES) (DEGREES F) (BTY/HR=8Q,FT,) . (MINYTES) (DEGREES F) (BTU/MRaBQ.FTs)
PealR 470.8 190420 Pen0D 88,9 16769 ee500 61,8 17001,
9+920 “27.7 158480 2+900 [3-1XY4 15889+ 14000 408,2 14338
1+4C0 3st.2 128604 1000 365.8 12649¢ 1+5¢0 3%3.2 11778,
je9ee 379.1 1874%. 1.9¢0 327.s 9772, 2-02%0 318.¢ 9847
Pruc@ 267.8 97Cns 2+400 290.2 9292+ 144 277.2 99099
2.97¢ 2°2.9 RO720 P+9¢0 29%5.¢ 75%59. 3.209 243.7 9773,
2408 229.8 €926 3.9¢@ 200.% 6467 aegee 161.1 8112+
3.909 177.= 6292+ 4o 9ve 151.5 5429 8:000 1128 5627+
4802 1%3.1 S3240 5.92¢ 112.7 4111
5.40Q 112.7 3874 * &-90@ r3.9 3981,
6ea2e 89.5 2641

RUN 147 RUN gé8 RUN 349
al 84609, LBM/HR=SQ,FT, TSATE =319¢0 (F) [ 1] 549480 LAMN/HR®SG.FT, TSATL =319:8 (F) [1] 83665¢ LBM/HR®S0,FT, TBAT) =319¢6 (F)
X: 77,85 % L001¢ 3s INCHES Xt 85,4 % LDo 3¢ INCHED Xt 4R.04 X LDO2 3+ INCHES
PREMEATER G/A1  3616¢3 BTU/HR=SGFT, PREMEATER Q/7At  2887¢1 BTU/HRSQFT, PREHEATER Q/At 1948y BTU/HReSQFT,
SPECIMEN MATERIAL; COPPER SPECIMEN MATERIAL) COPPER SPECIMEN MATERIAL) COPPER
FINISHS SMOOTH APP, 20 u INCH FINISHY SMOOTH  APP., 20,1 INCH FINIGH] SMOOTW  ApP. 20 u INCH
TIME (T4 = TSAT) Q/a TIME (Tw » TSAT) /A TIME (Tw o TSAT) 0sa
(MINUTES) (OEGREES F) {BTU/HR=S0FTe} (MINYTES) (DEGREES F) (BTU/HR=8QFTy) (MINUTES) (DEOGREES F) (BTU/NR=80FYs )
[ LY.L 491,23 12888, 4300 51043 12748 0550 48143 126340
1e000 40443 11908, 9800 445.5 11880, 1+050 48841 10673
1+500 2200 10303, 1320 422.3 10579, 1+550 (129 ] 10174
24200 564 8256 1800 385.9 9310 030 36302 8698.
2520 339.3 7244 2.300 3%1.6 7579, 24559 33%.1 71400
3.220 310.7 6949, 2-80¢ 327.2 6268 3252 308.2 6724
3.5¢@ 25,4 6252, 3:300 3e3.2 6455, 3:55¢ 282.9 6hlge
se220 2638 5924 3.800 277.7 5837 4050 2%8.¢ 5872,
L3141 238.9 5107 e300 257.5 S14ge 42550 236.6 5527,
5.220 223.¢ KLITY 4800 237.2 4286 8050 21443 50604
8200 193.4 3611, 5.800 2%6.6 3712, 5559 19640 4093,
.20 16541 2988, 64200 1779 3190 62550 1681 3t72.
B8-222 14%a1 2214 7-8020 158.2 2361 7+5%0 145,21 2822

9.200 129.¢ 1988,
.

(81



RUN 159 RUN 181 RUN 52

o 83749¢ LBM/HR=SG.FT. T8AT: =319+6 (F) [ 1] 258130 LBN/HR=30,FT, TEAT] =328+3 (V) a 25908, LBM/HR*$G.FTs TEAT: =320.2 (F)
X 21.6 % LDO: 3. INCHES X1 81e6 X LDO: 3+ INCHES X3 57.5 x LDO: 3+ INCHES
PREHEATER Q/A: 9%4+2 BTU/HR=8QFT, PREHEATER G/A3  (BB1+9 BYU/HR=SQ+FT, PREMEATER O/A: 1273¢3 RTU/HK=SO+FT,
SPECIMEN MAYERIALY COPPER SPECIMEN MATERIAL; COPPI R SPECIMEN MATERIALS COPPER
FINIGH: SFOOTH  APP, 20 u INCH FINISHT SMOOTH APP. 20 u INCH FINISME  SMOOTW  APP. 20 u INCH
TIME (Tw = TSAT) Q/A TiME (TH « TSAT) 0/4 TIME ITw ® YSAT) /A
(FINUTES) (DEGREES F) (BTU/HR=5QFTe ) IMINUTES) ({DEGMEES F) (BTU/HR®EQeFT ) (MINUTES) (DEGREES F) (BTU/MR=S0Q.FTy)
2750 48%.3 8818 1+000 ay2,0 57200 8:830 473,82 8318,
14750 42641 7780 2:000 SuBeR 5579. 1+830 419,55 685¢.
2.75¢ 369.2 6hbye 3.000 8.8 Y 2+33¢ 375.3 519¢.
3+752 327.2 SQ78. 4e2C0 3.4 h2020. 3230 Ja2.6 LY T8
4-750 290.4 4877 5220 YY) | 3822 4+830 323.2 3998,
5.75¢ 2%6. 3926 PeYLl] 3213 3196 5839 278.3 3734
6.75¢0 228.7 3264 7-220 29544 3822 6832 251.6 e3e-
74759 2e3.0 2787 8:22?7 27402 2402 7+232 230.5 2536+
a.75¢ 1804 2360- . 9.z0¢2 2377 23Che #-832 21144 2286
9.75¢2 16541 1892. 18.c0¢ 23749 2146 9.8232 194.2 1737
1re75¢ 183.5% 1742, $1.022 223.7 17740 11-322 169.6 1859.
11.75¢ 136.8 1808, 12.000 29.7 14750 13.232 1713.9 16%4.
13.¢70 27941 16740
Lacace 12601 136q
15.¢29 17846 1111
17.000 159.2 1012
19.¢00 148.8 8400
RUN 183 R RUN 154 RUN 154
01 24774: LBN/HR=S38.FT, TSAT: =3208:2 (F) 1) 23176¢ LBM/HR=$G.FTe TSATS =32842 (F) at 26457, LBM/HASO.FY. T8AT: ©32043 F)
X: 38.7 x LDO: 3¢ INCHES X§ 188 % LBO: 3+ INCHES X1 79,85 % LDOt 3+ INCHES
PREWEATER Q/A: 73%¢3 BYU/HR=8Q.FT, PRENEATER O/AL 233¢1 BTU/HR=BQFT, PRENEATER Q/A! 17978 BYU/HReSGFT,
SPECIMEN MATERIALY COPPFR SPECIMEN MATERIAL} COPPER . SPECIMEN MATERIAL; INCONEL 600
FINISH: §+00TH  APP. 20 y INCH FINISHM: SMOOTH APP, 20 u INCH FINISH: ARTIFICIALLY ROUGHENED
TIME 1TW = TSAT) 0/A TIME {TW = TSAT) o/s4 TIME (Tw o TSAT) osa
(MINUTES) (DEGREES F) (BYU/HR=8Q,FTY.) (MINUTES) {DEQREES F) (BYU/HR=8.F T ) (MINUTES) {DEOREES F) (BTU/HR=S0.FTs)
teQ20 473.8 7232 14000 494.9 47960 1,000 82,9 6532
2.020 428.0 S67a¢ 2000 4615 3984+ pe200 435,7 6509,
3.000 38605 5872 3.209 43207 3828, 3029 397.8 54060
4e220 3ud.s 4171 aenee 42847 3429, 4000 383.9 “645.
L3444 322.4 3086 5.000 380.9 3313 s.pee 6.6 4314
'xxid: 292.7 3803 6e2C2 1%8.3 2647 62720 323.9 IR,
7.020 267.8 2965. 7220 $40e8 2359, 7.0¢29 28644 3253,
Be222 266,14 2355 9.000 1e3.8 2337, 9.0¢0 237.9 2773
19.¢02 212.0 1972¢ 11.-000 Ci67.8 2049 11-00¢ 2¢3.1 1927,
12.200 183.2 1539, 13.02¢ $99.% 18546 13.¢e0 17846, 1847,
14270 16240 1169¢ 18.000 i19.0 1238 18.22¢ 156.6 1304
16000 145.3 105¢. 17.0%0 ierd.2 122% 17.¢20 136.2 2027
19.0¢20 1797 1107 19.070 128.3 657

2y-00@ 11%5.2 808,

881



et 28959, LBM/HA=§GFT,

xt 88.0 %

PREHEATER Q/A:

RUN 187

SPECIMEN MATERIALT INCONEL 680
FINISH; ARTIFICIALLY ROUGHENED

TINE
(MINUTES)
1e000
2+000
3ec00
4000
6-000
geo?R
1e-22e
12022
1seere
16022
18.2¢0

{Tw = TSAT)
{DEGREES F)
475.9
43242
392.s
3s8.3
325.3
28%.1
21,om
12646
178.2
1%0.a
13607

T8AT: =320.2 (F)
0

01 3. INCHES

1286+6 BTU/HR=SGFT,

(72 )
{BTU/MR=80.FT4)
78840
6437
55480
42460
3563
2968+
236
1826+
1844
12420
949.

at 25330, LOM/HR=$GFT.

Xt 34,46 X

PREMEATER Q/AS

RUN 188

SPECIMEN MATERIAL) INCONEL 609
FINIGHI ARTIFICIALLY ROUGHENED

TiME
(MINUTES)
0.800
1.800
2.8¢9
3.802
4+800
.11
[ R% 112
1e.ge9
12.82¢
14.800
16-000

(Tw = TSAT)
(DEQREES F)
477.%
435.2
402.1
367.5
339.9
288.6
26448
216.6
186.2
16244
147.7

TgAYI ©320+2 (F)
L
74404 BTU/HPeSQFT,

0% 3+ INCHES

Q74
(BTU/MHR=8QFT.)

76180
8824
Si12.
4578,
3797-
3317
26170
1921
1737,
12020

8630

RUN 189

01 280180 LBM/HR"SA.FT, TSATI =320+ (F)
Xi 31,8 X L0O} 3+ INCHES
PREHEATER Q/AT  288¢P BTU/HReSQFT,
SPECIMEN MATERIALT INCONEL 602

FINISMI ARTIFICIALLY ROUGHENED

TIME (Th = TSAT) . 14
{MINUTES) {DEOREES F) (BTU/KReBGFTs)
1.000 48607 Se220
2-000 83,7 4998,
3.000 422.9 4629¢
4s000 393.2 3984+
5.29Q 369.8 3409,
6220 7.2 2582+
7+22¢ 3.2 2426
8.¢¢0Q 313.3 2651
9.e02 296.3 2371,
11.229 26244 21620
13.00¢ 233.9 1564 .
18.020 215.5 1309. .
17.00¢ 194.2 1336
facgee 174,02 1106

681



190

APPENDIX D

Computer Listing of FILMBOIL

INPUT:
deA.....................Heat Flux [btu/hr-ftz]
GeevevonneneesannnsensssMass Flux [1bm/hr—ft2]
XINiieeesoenenaeennaranssDryout Quality
FILMZ....................Gfilm[feet]
Dlevseeeceescssossansses.Tube Diameter[feet]
MUL......................ulllbm/ft-hr]
GAM.....................;Y[Coefficient of isentropic expansion]
GAS...eetseetiasnsseeses.R[Universal Gas Constant]
STGMA..vvrvnneneennnn. . o[1bn/br2]

FFG.-...-.--.-..-coo.oo-.hfg[b'.‘.u,lbm]

TSAT.Q..'.....I.Q...Q‘...Ts [GF]

at
RHOL.-.-ooooo.oo;-uo--notpz[lbm/ft3]
3
RHOGSQ.....Qo.o‘a---oo.'o(pv)sat[lbm/ft ]
O
CPGS.....................(va)sat[btullbm F]

(o]
KGS...............-......(kv)sat[btu/hr—ft F]

MUGS.....--..-.ocn.u-ooca(uv)sat[lbm/hr-ft]

CPGl1, CPG2, CPG3, CPG4...Curve Fit coefficients, va vs Tv~

KGl, KG2, KG3............Curve Fit Coefficients, kv vs Tv

MUGl, MUG2, MUG3...¢:....Curve Fit Coefficients, uv vs Tv

NODRP = 2 LOM = 5
NOIT = 2 NOREP = 3
NOSTP = 250 NQUIT = 5

ERHOG..oeiveevesncseesese.Curve Fit Coefficient, pv vs Tv



2¥sNeXeis

OO0

PROGRAM FILMBOIL

DISPERSED FLOW FILM ROILING MODEL

REAL MUGS yKGS yKGF 9y MUG yMUGWyMUGL yMUG2 4 MUG39KG1yKG29KG3y KG g MUL

DIMENSION XA(2 )oXE(2 )oTV(2 )yWE(2 ),DD(2 ),DELVI(2 )
DIMENSION VGI(2 )yVL(2 )42(2 ),THW(2 )
DIMENSICN PLUM(3,20C)

DIMENLTIN DAVIZ2,2¢O)

READ{8,1) GCNA,G,XIN,FILMZyHECyMUL L, ERHQOG
READ(B,1) NTyNZ,GAM,GASySIGMA JHFG,TSAT
PEAD(R,1) RHIL, RHOGSy CPGS,y X6GS, MUGS
REATG(R,10) CPGl, £Pr2y, CPG3, CPG4
PEAC(8,17) KGly KGZs KG3

REAND(8,10) MUGl,y, MUG2, MUG3

REAN(A,5) NODRPyNOIT,NOSTP,LH

READ(8,15) NOREP,NQUIT, ISELTLINIT
FCRMAT(T7F1062)

FCRMAT(212,113,112)

FORMAT(4E15.0)

FORMAT(415)

NIASTP=370N0

XNo = XIN

*k [SELT %%
(1)---GROFNEVELD VAPOR HEAT TR2ANSFER COEF,
(2)---BENNETT VAPNR HEAT TRANSFER COEF,

*ok INIT *%
(1)---GROENEVELD INITIALIZATICN PRACEDURE
(2)-—-HYNEK INITIALIZATICN PROCEDUPE

GRAV=32,16%360C.%36C(C,
TSAT1=TSAT+4459,175

161



20

25

30

35

40

c

NOITS=NOIT+2

PI=3.14159
LM=0

TW=5

SET UP THE INITIAL VALUES
I=1

JX=0
XA(T)=XIN
XE(I)=XIN
TV(I)=/ SAT
WE(I)=WEC
CN=4.45

GN TO (20425)4INIT

SLIP=(RHNL/RHOGS) **, 205/ (G*DT/MUL )*%*,016

SI-IP=(S|.IP-10’/20+10

VOID=XIN/(XIN+RHOGS*SLIP*{1.~XIN)/RHOL)
VLI1)=(14=-XIN)IXG/ (RHCL*(1e=VOIDN))

VGI1)=XIN*G/(RHCGS*VIID)
GC T7 39

CALL DOCAL(Gy CONAXCC,RHOLyRFCGS S IGMA,HFG,MUGS, DT WEC,VGDO, VD],

1 0ODN,CD)
VG(1)=VGDD
VL(1)=vIDC
SLIP=VG(1)/VL(1)

VOID=XIN/ (XIN+RHOGS*SLIP*(1.~-XIN)/RHOL)

DELV(1)=VG(1)=-VL(1)

DC(1)=SIGMAXWEC/(RHOGS*DELV (1) >%3%2)
DFLUX=6 +%G*{1e=XIN Y/ {PI*DD (1) *%3%RHTL )

WRITE(5,35 ) G, QONA, FILMZ

FORMAT('19425X,"%%% GPOENEVELD MODEL *x%'//5X,'G = ',F10.0,
1 ' LBM/HR-S0eFTo'9y5X+s'Q/A = ' ,F10409!' BTU/HR-SQ.FT.',5X,

2'FILMZ = '4,E9,3,' FELTY//)
WRITE(5,40)

FORMAT( 22Xy 'CONDITICNS AT DRYDUT*/4X, *SLIPY 45X, ' VOID"y 103X,y 'VG?

1o 10X *VLY 310Xy *DELV?, 10X, "DRCP DIAL*y5X,"CDY 45X, "TWALL?)

SET UP THIRD ITERATICM FOR Tk,

FILM PROPERTIES

61



45

55

60
65
70
75

80

85

TW({1)=TSAT+100.
DO 45 IND=1,NOITS
MUGW = MUGS+MUGL+MUG2=TW( I )+MUG3*TW(I)**2

UN=,023% (VG (I )XRHOGS*DT/MUGS) 5% (8% (CPGS*NUGS/KGS ) **,4

1 #*(MUGS/MUGW) %% ,14%(10.68)
TWT)I=(QONA+UNRTVY (1 )*KGS/DT )/ (UN*KGS/DT)

WRITE(IW,50)SLIP,VOID,VG (1) yVI(1)4DELV(1),DD(1)yCDyTW(L)

FORMATI3X 9T 6e393X9F6e394X92E12.591X91F12e5+4X9EL24592X9F56294Xy

1F7.1//20X%X,*PIST DRYCUT RESULTS")
WPTITE(.W,55)

FuURMAT( 4X97 N ,SX'DXADZ 9 SX'DTVDZ 33X DDOM 4 SX'DVLDZ® 94 X' XA 44X
1y *XE TV 38X WL 38X VG y€Xy 'DELVY 44Xy 'WE cn Twt//)
Z(1)=Q.9

K2P =0

BFGINNING GF STEPWISE ITERATICN

I=I+1

1F(1-21)75575,465

IF(23 =1) 75,75+70

N2=10.%*DZ

CONTINUF

CALL DATSW(2,JM)

GO TO (80,85),JM

DIP = 1o

KCP = KUP + 1

DZ = DIP%NZ

CONTINUE

IF(JMeEQe2) KAP = O

72(2)=2( 1 )+DZ

pDC 215 IR1P = 1,NOREP
TRANK=TV(1)+459.75

RHIG= RHNGS*{ TSATL/TRANK) *%ERHNG
CPG = CPGS+CPGL+CPG2x(TV(1)

1 + CPG4x(TVI1) )% %3

KG = KGS+KGL4KG2XTV(1)+KG3*TY (1 )*x*2

MUG =  MUGS+MUGL+MUG2XTV L )+MUG3RTV (1) **2

) #CPG3*{TV(1)

) *%2

€61



HCC=(2.%KG/DDL1) ) *(1e+.,2T76%SQRT(RHOG*DELV(1)*DD(1)/MUG)

1 *(MUGS*GAS/(KGS*[GANM=1,)))%%,333)

KGF=KGS+KGL+KG2% , 5% (TWIL)+TSAT I+KG3 4 (5% {TW(1)+TSAT ) )*%2

SLIP = vG(ll)/vLE(l)

VOID = XATL)/{XACL)4REOGXSLIP*(1.-XA(1))/RHOL)

IF(I-NQUIT)9), 90, 95
90 QADE = 0.

GO 1O 11D
95 QADE = KGFX(1a=VOID)X(TWIL)=TSAT) /(FILMZ*EXP(2.%DT/2(2)))
100 QANT = QADEX24%ND{1)/(3,%DT) + HDC*(TV(1)-TSAT)

QVD=HOC*(TV(1)-TSAT)

DONNZ==2 , ¥QADT /(FFG*RHDL *viLe 1))
DXADZ==DFLUX%PI*DD (1) *=%2%RHOL*NNNDZ/(2.%G)
NSH=-1

HFEGP=HFG+CPG*(TV( 1 )-TSAT)
DXEDZ=44%NCNA/(C*HFC*DT)
DTVDZ=(HFG*CXELZ-HFGP*LXACZ)/ (XA( 1 )*CPG)
De(2)=0DDC 1 )+NONDCZ%CZ

105 IF(I-2) 110,110, 115

110 DVI.DZ=4 ¢ *QONAXXIN/ (HFG*DT *RHNGS )
GO 70 120

115 DVLDZ=3%CO*RHCG*PELVL 1 )*%2/{VLL 1 )*4.*RHOL*DD(2))
1 —=(1.-RHOG/RHOL)*GRAV/VLI{1)

120 CONTINGE

NSH=NSH+1

XA(2)=XA{ 1 )+DXALZ*(7]
XE(2)=XE( 1 )+DXEDZ*D7
TVI2)=TVv( 1 )+DTVDZ*(*Z

VL(2)=VL( 1 )»+DVLDZI*DZ
VG(2)=G*XA(2) /(RHOGH(1.=G*(1s-XA(2))/(RHOLXVL(2))))
DELV(2)=VG(2)-VL(2)
WE(2)=PHIG*DELV(2)%*%2*DD(2)/SIGMA

C TEST FORP SHATTERING
TFIWE(2)-WEC) 145, 125, 125

125 IF(NSH-3) 130, 135, 135

130 DD(2)=WEC*SIGMA/{RHOG *DELV(2)x%*2)
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GO TN 140

135 DD(2) = DD(2)=o01%DC(2)

140 DFLUX=6+%G*{1e=XA{2))/{PIADD(2) %%x3%RHOL)
GC TO 105

145  CONTINUF
REN=RHNGXDELV(2)*BC(2)/MUG
1F(RED-2000.) 150, 15%, 155

150 CN=(24./RFN)%{1.40,142*%RED%%0,.698)
GI TN 160

195 CD=0Ues4.

166 COANTINUE
Twi{2)=TW( 1 )
NPT 219 IND=1, NOIT
TRANK=TV(2)4+455,75
BPHIG=RHIGSH(TSATL/TRANK) **ERKHOG

BCPG= CPGS+CPGL+CPG2*(TV(2) )#CPG3X{TVI(2) ) %% 2
1 + CPGax{TVI(2) ) =%3 ’ '
BKG = KGSHKGLHKG2%{(TY(?2) )+KG3%(TV(2) ) %%2
BMG= MUGS+MUGL+MUG2:(TV(2) Y+MUG3IX(TV(2) ) k%2

MUGW = MUGSH+MUGL+MUG2*TW(2)+MUG3*TW(2) »%2
KGF=KGS+KGL#KG2% 5% (TH(2) +TSAT I4KG3¥(S¥{TW(2)+TSAT ) )%x%x2
SLIP = vG(2)/VL(2)
VOID = XA(2)/7(XAL2)4REDIGASLIP*(1.=XA{2))/RHOL)
IF(I-NQUIT) 165, 165, 179 '
165 HND = 1).
GO TO 179 A
170 HWN=KGF*( 1. =VOID)/(FILMZ*EXP(2.%DT/2(2)))
175 GO T0O (180,185),ISELT
180 UN=,023%(VG(2)*BRHCGHDT/BMUG ) %, B (BCPG*BMUG/BKG ) **, 4
1 *(BMUG/MUGKW) %% 14 ( 1o+ e3%(DT/{Z(2)4o01*NT) ) *%*47)

GO TN 205
185 TOPL =5%(TV(2)+TW(2))
BrLPG =CPGS+CPGL+CPC22TOAPI +CPG3%*TOPI *%X24CPG4A%TOPI *%%3
BMUG  =MUGS+MUGL+MUG2*TOPI + MUG3XTOP] **2
RKG =KGSHKGL+KGR2%TOPT +KC3*TIPT %x*2

REQG=BRHAIG
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190

195
200
2C5

210
215

220
225

230

235

240

RAT = Z2(2)/DT

IF{RAT-60s) 190, 1G5, 195

UN=.0157%(VG( 2)%RHOG*DT/BMUG) **,84%{BCPG*BMUG/BKG )} *%,333%(1,/RAT)
1l %x¥%,04

GO T 200

UN=,0133%(VG{ 2 )*RHOG*DT/BMUG) %%, 84%({BCPG*RMUG/BKG ) *%,333

CONTINUE

OWO=HWD=(TW(2)-TSAT)

QWV=UN*®BKG*{TW({2)-TV(2))/DT

TWE2)=iQPNA+UN®TV(2)*BKG/LCT + HWD*TSAT )/ LUN®BKG/DT +HWD )

CANTINUE

TW(l)i=TW(2)

NDCM=DD( 2,*12.*250453

IFCLI-LM) 240, 220, 220

IFLJX-200) 225, 240, 240

LM=LM+LOM

JX=JX+1

PLUM(1,JX)=QVD

PLUM{2,JX)=QWY

PLUM{3,.X)=0QWD

LENGTH NOW IN INCHES

FEET=2(2)*12.

WRITE(6,230) XE(2) )

FORMAT(////7777777 15X, S{v%9) ,3X,*DISPERSED FLOW FILM BOILING MODE
IL g 3X g5 (V%" )///5Xy "DATASWITCH (1)2: TERMINATE PROGRAM'//5X,
2'DATASWITCH (2): ON === DZ*3,'/21Xy'QFF === RESET'/////775X,
IV XE = "F804////////’

WRITE(IW,235) FEETyNSHyDXADZsDTVEZsDDMNVLDZyXA(2) 4 XE(2),TVI(2),
1 VLI?2) ) VGI2)yDELV(2) yWE(2),CD,TW(2)

FORMATIF 7419129201047 4F6.09E10.392F6034F60093E100392F6033F6,0)

DAVI(1,JX)=Z(1)

DAVI2,JX)=THW(1)

XA(1)=XA(2)

XF{1l)=XE(2)

Tv(l)=TV(2)

vL1)=VvL(2)
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245

250
255

260
265

270

275

VG(1)=VG(2)

DELVI(1)=DELV(2)

WE(L)=WE(2)

Thil)=TW(2)

2(1)=2(2)

DC(1)=0D(2)

IFI{XA(Y)-.97) 245, 245, 260

CAM L DATSWI(1,yMM)

GO TD (2604257) MM

IF{NJS,P-1) 265, 255, 255

I=1+1

Gn 10 69

NCSTP=JX

CONTINUE

WRITE(S5,27C) QONA

FORMAT(/ /720X, TEST SFCTION HEAT FLUX IS ",E1063710X,'QVD',10X,
1 QWY ,L10X.'0WDY//) ‘
WRITE(S5,275) (PLUM(L1,T)9PLUN(2,1)yPLUM{3,1)y1I=1,JX
FORMAT(4X3E124593X9EL12.593X4E12,.5)

CALL PICTR{CAV24XLABy XSCLy24NISTP41,0+291,FTIME, 1)
CALL EXIT

END
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OO0

25

111

100

102
106

107

103

108

110

24

SUBROUT INE DOCAL{GyQONASXDOsRHILyRHZGSySIGMAGHFGyMUGS DT 4WEC,VGDO,
1 vLOC,DDO, CD)

CALCULATION OF CONDITICNS AT DRYJUT USING HYNEK'S METHOD

REAL MUGS

XIN=XD0

GRAV=32,16%3600.%3600.,

CD=.45

1J=0

IJ=TJ+1

11F=1

VVL=10,4G*%{1.=XIN)/RHOL

VCA=GAXIN/(RHOAGS*{1le=Gx{ 1le=XIN)/(RHTLXVVL)))
VER=VYVL+SQRPT{SQRT{RHCLA*WECXSIGMAX{ GRAV+4 ,*xQONARXIN®YVL/{HFG*D T

1 RHCGS) )/ (0. 75%CD*RHOGS *%2) ) )

GO TO (102,193), 1IF 17y
IF(VGB-VGA) 106,110,1C7 @
VVL=VVL+14E2

GC TO 1090

1IF=2

VVL=VVI.—1,E1

GC TN 1u0

IF(VGR-VCA)110,110,108
VVL=VV' . -1.El

GC TH 100

CCNTINUE

VLBO=VVL

VCDO=0.5*%(VGA+VGB)
DELVI=VGDC-VLOCD :
DDC= SIGMAX*WEC/(RHOGS*DELVO *x2)
REN=RHOGS*DEILVO *CCT /MUGS
IF(RED-22C0.) 24425425
CC=(24+/REDI*(1.+0.142*RED**0.698)
IF(TIJ-5)111,25425

RETURN



END
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APPENDIX E
Derivation of Criterion to Determine Droplet Carryover

In order that the dispersed flow model as well as
the generalized post critical heat transfer prediction
scheme function properly, one must be certain that the
evaporating vapor at dryout is sufficient to carry the
droplets out the tube. If the vapor velocity is below
this value the liquid will collect at some level in the
tube with the result that the models presented in this
work for predicting post critical heat transfer will be
invalid. 1In order to estimate this quantity, it is assumed
that at dryout the liquid is in the form of <enherical
droplets and that the Weber number is critical. Figure E1
gives a physical representation of the problem. The
momentum equation for a drop at the dryout point is

av,  3p (V- v)le

0, =P
2 v
Ve 37 T 4o, 6 8l pzl (E.1)

Assuming the Weber number is critical allows one to obtain

an expression for drop diameter, 8§, to be
(W) o

_ crit
v g 2

We can look at two cases where the accleration term

in Equation (E.1l) is zero; that of a drop standing still just
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FIGURE E1 PICTORAL REPRESENTATION OF FLOW REGIME FOR DETERMINING
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ready to fall back down the tube represented by the

equation

vV, =0 (E.3)

and that of a drop moving at some constant velocity just

ready to begin deaccelerating represented by the equation

=0 (E.4)

It is felt that Equation (E.3) forces the droplet to be
too close to falling back down the tube to be a good cut
off point for the determination of the criterion. Therefore,
substituting Equation (E.4) ani (E.2) into Equation(E.1l)
gives the minimum criterion for the velocity difference

necessary for the droplet to remain at a constant velocity

to be
4(we)crit 1/4 oo, -o-v)g 1/4
v -v,)) = [————] [ ] (E.5)
g £ 3C 2
D Py

The liquid velocity is chosen such that it will not fall

below its inlet velocity defined by

v » & (E.6)
2 - 02

which 1s obtained by assuming that the inlet void is

zero. Substituting Equation (E.6) into Equation

(E.5) gives the critical vapor velocity necessary to allow
the liquid to continue moving at a constant velocity of

G/pl as
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4(W 1/4
G ( e)cr*t: / ’O(pk— pv)g 174
vV > — + [———] 3 ] (E.7)

Equation (E.7) is not very useful as it stands because
Vg is a dependant variable. From the continuity equation

given as

G XA

g = T (E.8)
p Ll - __"zvz 1

one can obtain a second equation for Vg in terms of independ-
ent variables from substituting Equation (E.6) into Equation

(E.8). This results in

_G
vV = o, (E.9)

Substituting Equation (E.9) into Equation (E.7)

provides us with a criterion on G alone as

4(wW ) 1/4 1

_ PePy € crit O(QQ_QV)g

¢ > Cerse “L g 1 1 Y=
pﬂ, v 3C p

D v

(E.10)

which must be satisfied in order that V2 after dryout be
greater than cn equal to G/pz. Assupiag that cH =-,45
and (W) = 7.5 this criterion for the three fluids

crit
considered in this work becomes
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2
Fluid Gcrit(lbm/hr-ft )
Nitrogen 11500
Water 33700

Freon 12 39000
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APPENDIX F

Fluid Properties
This appendix presents the polynomial curve fit equations for
M, C _, k, and p_ as a function of T . The coefficients to these
v’ pv Vv v v
equations and all other fluid properties used in this thesis are tab-
ulated in Table F.l. The computer notation used in FIIMBOIL for dencting

the various polynomial curve fit coefficients is retained. The equations

are as follows.

C _vs T
PV v
€C -C = CPGl + CPG2*T + CPG3*T2 + CPG&*T3
PV P8 v v v
k.v vs Tv
k - k = KG1 + KG2*T + K.G3*T2
v g v v
H, vs E!
WL - 4 = MUGl + MUG2*T_ + MUG3*T2
v g v v
p, Vs Tv

ERHOG

Py = P (T_./T) where temperatures are absolute

g sat' v

These equations are also used to evaluate the above properties

at the wall temperature and film temperature.



TABLE F.1

List of Fluid Properties

Fluid Propertv

ey
CPG2
CPG3
CPG4

MUG1
MUG2

MUG3
KG1
KG2
KG3

ERHOG

psia

°F
Btu/lbm
1bm/hr?
1bm/hr-ft
1bm/fe>

1bm/f t3

Nitrogen

20

-316.
84.13
2.34x105
.339
49.6

.381

Btu/hr-ft-"F.00435

1bm/hr-ft

Btu/1bm-"F

Btu/1bm-"R

.0145
.253
1.4

.0709

0.

2.29x10" 2
6.5x10 "

-1.81x10

8.99%10 3

2.47x10°
-5.47x10

1.07

Water

1000
544,

650.
5.17x10°
.23

46.3

2.24
.0325
L0475
1.25
1.366
1.31
1.274
-4.68x10

3.61.x10

-8.99x10 10

2
5

-3.6x10
7.25x10
-9.42x10"
-4,78x10°
-3.32x10
2.1x10°8

106

Freon 12

155

112,
53.98
1.87x10°
.387
77.1
3.84
.00635
.0349
1925
1.31
01642
4.43x102
-5.96x10
1.78 x10
-1.68x10"

~5.78x10
5.16x10°
0.
-1.73x10
1.54x107°
0.

1.7

4

6

9
3

3
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