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ABSTRACT

A transient boiling experiment has been run in such a way that one
can acquire data in forced convection film, transition, and nucleate
boiling regions for a specified pressure, quality and mass flux. Transient
boiling experiments were conducted at the Nuclear Energy Division of the
General Electric Company for water in a 0.492 inch I.D. inconel X-750
tube at mass fluxes of 50,000, 100,000 and 250,000 1bm/hr—ft2, quality
range of 30-1007 and a pressure of 1000 psia.

The reduced boiling curves for this data indicated temperature
differences at burnout on the order of 100-200 degrees F and temperature
differences at the minimum ranging from 700 to 1100 degrees F. These
results (which are somewhat higher than in other experiments) are felt to
be caused by a scale deposit on the test surface. Physical evidence
indicates that the test surface became coated with an appreciable scale
deposit when subjected to the initial temperatures in excess of 1500
degrees F in a steam atmosphere. It has been found (Ref. 21) that BWR
fuel will normally have scale deposit on the heat transfer surface, and
thus the data in this report should be applicable to BWR Loss-of-Coolant
accident evaluation.

An empirical correlation was developed for this data for minimum film
boiling temperature differences. The correlation was based on Berenson's
minimum pool film boiling temperature difference correlation in order to
provide a technique for extrapolating to different pressures.

The film boiling data was compared against the Groeneveld Correlation
and found to be considerably underpredicted by the Groeneveld Correlation.
An empirical correction term was developed to use in conjunction with the
Groeneveld Correlation to predict the experimental data.

A calculation procedure is presented which allows one to predict
the heat transfer history of a General Electric Boiling Water Reactor in

the event of a Loss-of-Coolant accident.
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I. INTRODUCTION

The BWR design basis loss-of-coolant accident (LOCA) is described
completely in reference (1) and in shortened form in reference (2).

In brief, one of the main coolant pipes is assumed to break so the net
flow of coolant through the core drops to near zero over a period of
many seconds. As a result of the receding coolant level in the pressure
vessel and the reduced flow rate through the core some of the fuel

rods are calculated to pass through the critical heat flux and to
overheat. Using conservative assumptions about the heat transfer mech-
anisms involved, temperatures in excess of 1500°F may be calculated

to occur. The primary purpose of this report is to suggest more
realistic heat transfer correlatioms which are appropriate for the
calculation of rod surface temperatures during the postulated loss-of-
coolant accident.

As all the boiling heat transfer regimes occur during the LOCA, the
following point of view is taken in this report: If we had the complete
heat flux versus temperature difference curves with the quality, mass flux,
pressure, and other relevant variables as parameters, it would be possible to
calculate the cooling curves for the fuel elements. As nucleate boiling,
critical heat flux, transition boiling, the minimum q/A point, and film
boiling all occur at some time or place during the accident, it means we

must have ways to calculate all these quantities.



For small temperature differences nucleate boiling occurs, and the Jens
and Lottes correlation is appropriate (3). When the quality becomes high
enough, or the heat flux becomes great enough, the critical heat flux (CHF)
is attained. Existing CHF correlations can be used to calculate when
this occurs (4). Beyond CHF there is a poorly understood region of
heat transfer which is called the transition region. It is
suggested here that a straight line on log-log (i.e. power law
relationship) should be used to estimate the temperature and heat
flux between the minimum q/A and the CHF points.

The bulk of this report will deal with the method of determining
the remaining two quantities, the temperature difference at the minimum
and the film boiling heat transfer at the temperatures and pressures
which are calculated to arise during LOCA. The experiments upon which
these recomendations are based were conducted at the Nuclear Energy

Division of the General Electric Company, the details of which follow.




I1. GE DATA AND DATA REDUCTION

Experimental Apparatus

The experimental program herin described consisted of two test series,
a transient series and a steady state series.

The experimental test loop shown in fig. 1 was constructed to allow
one to perform either the transient or the steady state-type tests.

The loop is a high pressure (1500 psig) water system consisting of a
circulating pump, boiler, preheater, primary test section, transient

test section, steam drum and condenser. The desired quality for the

test section inlet was obtained by regulating the preheater. There is

a system of quick acting valves at the entrance to the primary test
section that allows the flow to be diverted to or away from the test
section. The primary test section consists of an electrically heated tube
.492" 1.D. and .625" 0.D. with a heated length of 219 inches. Thermo-
couples are spaced at three, six, or twelve inch intervals along the
primary test section.

Fig. 2 gives a detailed drawing of the transient test section. It is
.492" in 1.D. and 1.0" in 0.D. and has a 4" heated length. The transient
section as well as the primary test section were constructed of inconel
X-750, since the resistivity of this material has only a very small
dependence on temperature. The transient section was instrumented with
thermocouples at 1/2 inch intervals along its length. The power to the
transient section is independent of the primary section. There is an
unheated section of tube about 1.5 inches in length between the primary
and transient test sections that could not be avoided due to bus bar
connections. The entire loop was monitored for the standard system

variables of mass flux, heat flux, quality, and pressure.



Steady State Experiment

The General Electric steady state experiments were a duplicate of those

performed by Bennett, et al (11) but at mass fluxes of .05 - .5 x 106

lbm/hr. - ft2 and pressure levels of 100 - 1000 PSTA. The experimental

technique was the same. Water with a certain amount of subcooling was

directed into the primary test section. The power was then turned on, and

increased in steps until some desired steady state temperature profile was

achieved. The resulting data was used in this report only as means of
verifying the transient data results.

Transient Experiment

The transient experiments were designed to allow one to produce a
whole boiling curve in one experiment. Due to the nature of a quench
experiment all the regimes of boiling are experienced. The size of the
transient section was purposely kept at a minimum to reduce the quality
variation with length and time, through the quenching process. The
transient section was placed at the exit of the primary section to allow
one to control the inlet quality to the transient section. Therefore,
throughout the entire quench process the value of quality and mass
flux remained virtually constant and determinable.

The procedure that was followed in obtaining the transient data
involved:

1. Establishing, for each run, the desired steady state mass flow

rate and quality at the entrance to the transient test section.

2. Applying power to the transient section until steady film boiling was

established in the transient section.
3. Cutting off the power to the transient section and recording the
temperature transient on a Sanborn recorder.

The signal from one of the eight thermocouples was also inputted to



DYMEC (a system that digitizes a continuous signal with time at a certain

rate and has various output options) and was considered as the data
thermocouple of that particular run. The choice of the particular thermocouple
used was made by inspecting the thermocouple traces on the Sanborn

recorder. The data thermocouple must have

1. Clearly shown film boiling condition

2. Been as close to the midplane of the transient section as possible

(to avoid or minimize end effects)

3. Been relatively free of noise.

Because of the presence of the preheater in the test loop it was
possible to produce a given quality at the entrance to the test section
in two ways. It could be produced either by the primary test section
or by the preheater. For runs numbered 4-16, the preheater power was off,
and inlet subcooling and temperature were evaluated at the inlet of the
primary test section. The desired quality was regulated by the power
to the primary test section. For runs 17-23 the primary test section
power was off and conditions were set by using the preheater power only.
For these latter runs, inlet subcooling and temperature were evaluated
at the inlet of the preheater. In every case, the quality was evaluated
by making due allowance for heat loss from the primary test section
and preheater.

Data Reduction

General Solution:

In order to transform the temperature-time data as recorded from
the thermocouples welded to the outside tube wall of the transient test
section into heat flux and wall temperature on the inside surface one

needs the solution of the so-called inverse heat transfer problem.



Unlike the direct heat transfer problem where boundary conditions are
completely defined allowing one to solve for interior points, the inverse
problem consists of prescribed conditions in the interior and desired
conditions on the surface. There are several methods for solving this
type of problem. These include finite difference techniques
and integral methods requiring iterative calculations. These methods,
therefore, require fairly bulky and complicated computer codes. Instead,
an exact solution in the form of a rapidly converging series developed
by O.R. Burggraf (12) was used. With this method one merely needs to
know boundary conditions at one point as a function of time to determine
conditions at any other point in the solid. The general solution for
any shape solid is as follows.

Given Tb (t) and qb(t) on a normal to surface r=r_ the general

b

solutions for T(t) at any r is
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The general solution is somewhat shortened when it is applied to the
solution of the heat transfer problem associated with the G.E. transient test.
The specific problem can be formulated by looking at Fig. 3. Given a
hollow cylindrical body completely insulated at r = To and a known
(measured) temperature variation with time, To (ro, t) at r = Tos
what are the values of q(t)/ A and Ti(t) on the inside radius, Tos of
the tube. The condition of zero heat flux at L allows us to drop
the g~series immedlately. Equation 2.10 is the resulting series
solution (truncated to three terms) for the inside wall temperature in
terms of wall properties, geometry, and time derivatives of the outside

wall temperature To(t).

T(rt)= LW+ [(“") 1-24n( y} ]gd

+§c'/ [r s'rj [ ]M Zn.[__] lbwgdﬂl

dt*

-"7

(2.10)

|
0’ f1 and fl are given in Appendix A to detail their

The solution for £
solution from equations 2.2 througi 2.5. 1In order to determine the

inside wall heat flux one merely differentiates equation 2.10 with

respect to r, and multiply the result by the thermal conductivity of the

i



solid. 1In order to have a three term series for q/A(r,t) one has
to know f3, as dfo is zero. Equation 2.11 is the resulting form for

q/A(q,t). Notedr that the first term is the standard lumped heat

capacity formulation.

Un (1) = e[ S5 ]“‘I‘*?_(ﬂ)[ T
- ()] S SR G
alt“ g

sl 33‘1‘ i28 (2.11)
3 [ 2 3 . #® 3
PCH A SO P P S»,_v;n%(_z)] dT,
X3 349 r; e/ 33 elljde3

By investigation of the results using the three term series solution
for the highest heat flux encountered and comparing the difference that
one more term in the series would make towards the result it was
determined that the extra term changed the result by less than 0.5%.
This is somewhat fortuitous as the accuracy of the solution is directly
related to how accurately one knows the higher order derivatives of
the outside wall temperature. If an extra term is required to converge
the series one must first consider how accurately the higher order
derivative is known before the effectiveness of adding the extra
term can be determined. 1If these derivatives are evaluated from
experimental data, then the higher order derivative cannot help but
have inaccuracies associated with it. Since we are indeed working
with experimental data in our data reduction scheme, knowledge of the
exact solution for the inverse problem brings us only halfway towards
the final reduced results. Some method for obtaining the time
derivatives of the data is needed. The following section describes
the methods used in this report for determining the function relation-

ship of the outside wall temperature and the necessary derivatives.



Determination of Derivatives

The experimental data consisted of a series of temperatures
measured by one given thermocouple for each run, with the time interval
between points equal to .2 seconds. A sample of the type of experimental
data to be processed is given in Fig. 5. It is readily apparent that
due to the presence of a small random noise level in the data, finite
difference methods for obtaining the derivatives are out of the question. The
next thought was to try to filter the data and then apply finite
difference techniques, but again there still appeared to be too great
an uncertainty associated with finite difference techniques. The method
finally chosen was that of applying a least square Ppolynomial curve
fit through the data points. The least square curve fit.not only
smooth#. out the data, but more importantly gives a functional relationship
for the outside wall temperature and all its derivatives (up to the order of
the curve fit) with time. As some runs contained as many as 500 points, it
was thought that better representation of the data could be obtained by dividing
the data into several segments and putting separate curve fits through each
of the segments. Fig. 4 gives a pictorial view of the entire curve fitting
procedure. The curve fitting segments were overlapped to make the separate
pieces fit together as continuously as possible. In regard- to each segment
there was a choice as to the number of data points to be included in the
section and what order curve fit up to a maximim of order 6 to be put
through the points. Because there are certain tradeoffs one makes
in using higher order curve fits to represent data it was decided to
allow the curve fit order to be variable. On one hand the higher
order polynomials can follow the data better, but on the other side these

curves fits tend to be wavey in nature causing the higher order
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derivative to behave badly. So with these three variables, number of .
points per segment, number of points to be overlapped into previous
curve fit region, and the order of curve fit for each segment it was
possible by trial and error to obtain in some sense an optimum data
reduction for each run. Fig. 6 compares the data against the curve

fit for a typical run to give one an idea of how well the curve fit
method works. Figures 7 through 25 give the reduced boiling curves
for all the transient test runs. The computer program used in the
reduction process is given in Appendix B. The next section gives a
description of possible sources of error in the reduction procedure and
attempts to determine limits of accuracy of the results.

Error Analysis

In analyzing possible sources of error in the results of this report
there 18 considered to be no error associated with the solution method >
itself as it is almost an exact solution. Errors involved in the representation
of the time derivatives of the outside wall temperature are considered
negligible as there was no significant change in results when the curve
fit polynomial varied from order 4 to order 6. There is a possibility of
thermocouple error and/or heat losses through the insulation. These two
possible sources of error have been partly corrected for in the data
supplied by G.E. Any remaining error is represented by G.E. as being
negligible.
In the transient test section there are two other possible sources of
heat loss. These are radiation from the wall to two phase mixture
and axial conduction in the tube wall.
The radiation term can be approximated as radiation between two -

parallel plates. The radiation term therefore is: ‘

4 4
@y = 01, = 1) / @ +1)
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The highest wall temperature encountered in any run was Tw = 1900°F.
For a conservative calculation we let € = o = 1 and TL = Tsat = 544°F.
Therefore the radiation component for this maximum case turns out to be
38,000 Btu/hr. - ft.z. For some of the film boiling heat fluxes this is
not a negligible portion of the total heat flux. It was decided though

not to correct the film boiling results. (see Section IV Film Boiling

Heat Transfer for further discussion of this problem).

As for the axial conduction loss, it was stated in Section II that
the specific thermocouple used in the data taking process was chosen for,
among other things, its being as close to the mid-plane of the transient
test section as possible in order to minimize the end effects. Unfortunately,
due to various effects including possibly: 1) the scale on the boiling
surface 2)transition from annular wvapor flow at the transient test section
inlet to nucleate boiling, it proved impossible to obtain uniform film
boiling throughout the entire 4 inch length. In investigating the entire
eight thermocouple readings from the Sanborn traces,an axial temperature
distribution resembling a parabola was observed. The maximum temperature
for the bulk of the data was at the data thermocouple. Therefore there
was heat loss both upstream and downstream due to axial conduction. In
order to estimate what percentage the heat loss is relative to the film
boiling heat transfer calculated, the initial values of the neighboring
upstream thermocouple, data thermocouple, and neighboring downstream
thermocouple were noted. A straight line slope was passed through the
points and a heat flux was calculated. Fig. 26 gives the general model
used and the resulting percentages of heat loss relative to the calculated
film boiling heat loss. Observing the relative magnitude of these
three thermocouple readings throughout any particular run it was

determined that the use of just the initial values before the start of
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the quench gave the maximum losses. The point of collapse for each run
tended to have losses of the order of 1/4 the values quoted in Fig. 26.
Though the error in the calculated values of this report could be as
great as the errors quoted but its our feeling that the error will be

less due to the lumping procedure.
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III. THE AT AT THE MINIMUM POINT

Three different controlling mechanisms for forced convection
transition from film to nucleate boiling have been proposed in
an earlier work by 0.C. Iloeje and D. Plummer (13). These
mechanisms have been called Impulse Cooling Collapse, Axial
Conduction Controlled Collapse, and Dispersed Flow Rewet. The
features distinguishing these three possibilities are the hydro-
dynamics of the fluid flow and the geometry of the fluid in the

heat transfer process leading into transition.

Impulse Cooling Collapse

It is known that in the annular vapor film boiling regime
[rod regime] the liquid vapor interface is wavy and pulsates about
a mean position. With falling surface temperature or applied
heat flux, the film thickness falls and the wavy crest eventually
contacts the surface. At the higher temperature levels, the
liquid is in contact with the surface for some minimum residence
time before a vapor film forms pushing the liquid bulk away from
the surface and momentarily leaving the surface dry. The residence
time has been modelled by Kalinin (6) to be equal to the time
needed to heat a layer of liquid equal to the nucleating bubble
diameter to a temperature equal to the nucleation superheat.
During each contact, an impulsive cooling of the wall occurs and
repeated contacts will eventually cool the wall to a temperature

at which permanent 1liquid contact can be maintained. Kalinin correlated his
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experiments completely in terms of the(kpc)ratio of liquid an& wall. Neither mass
flux nor quality nor other fluid properties entered into his empirical
equation. The absence of the quality variable may be understood in the
light of arguments in later sections of this report, since the quality

ranges he dealt with were most probably very low.

Ter2 ™ Taat = 1.65 (0.16 + 2.4 [(pek), / (pck) 1-2%) (3.1)
T -T v
c L
where Tcr2 = Temperature at minimum
Tsat = Saturation temperature
Tc = Thermodynamic Critical Temperature
pck = Density, specific heat, and thermal conductivity, respectively

liquid "L" and wall "w"
Axial Conduction Controlled Collapse

This deals more with the propagation of a wetting interface over a
heated surface. The solid-liquid-vapor interface is taken to be at the
wetting temperature and is propagated downstream through axial conduction
which brings successive points to the wetting temperature enabling
the interface to advance to those points. In the work by Simon and
Simoneau (14) they assumed this wetting temperature to be a thermodynamic

property of the fluid and to be given by the expression of Spiegler

(19) et al.
Toet = 0.132 4+ o0.84 (3.2)
P
T crit
crit

The constant term 0.84 was corrected to 0.872 based on the experimental

results of Merte and Clarke (5). Again hydrodynamic effects were not

considered to be important in the value of Twet' In each of the above

two types of rewet considered, heat transfer to the vapor contributes to ‘

the rewetting process. -
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Dispersed Flow Rewet

In the dispersed flow film boiling regime with a distribution of
liquid droplets, rewet is controlled by the presence of liquid droplets
close to the heated wall. Some droplets do penetrate through the superheated
vapor boundary to the heated wall, but the transition process is seen
here more clearly in terms of the limiting effects of two processes,
namely heat transfer to the vapor and heat transfer to the droplets which may
or may not be touching the heated surface. At higher wall temperatures,
the 1iquid droplets are generally farther away from the wall because the
repulsive force of vapor formed as a droplet approaches the wall is
larger. The heat transfer to the droplets is therefore smaller, and that
to the vapor larger (see fig. 27). The sum of the two gives the
total heat transferred and indicates the wall superheat at which the
minimum heat flux will occur.

The transition process in General Electric's experiments which is
presented in this report is controlled by this phenomenon. With dispersed
flow controlled rewet, such geometric factors as the size of the droplets
and the general nearness of the drops from the wall are important factors.
These in turn are related to the presssure quality and mass flux at
rewet and the flow history prior to the collapse point.

Before discussing the variables affecting the transition temperature
at the minimum, the salient results of the GE experiments will be presented.

The reduced GE data are shown in figures (7-25) as plots of gq/A
vs AT. From these, the transition temperatures from film to nucleate
boiling were taken as the minimum on the boiling curves. Not all the
experimental runs went through this transition. Some remained in film
boiling for essentially the entire transient (run numbers 14 and 15)

while others started the transient without getting completely into

film boiling (run nos. 11, 16, 22 and 23).
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Table 1 gives the complete minimum data, including the mass flux,
quality and AT at the minimum point.

At very low mass velocity and quality, the droplets may not be
entrained and an "interface'" separating a dense phase and a less dense
phase in the test section may occur. This is not a steady state phenomenon
but in a quench test it may occur.

Effect of Mass Flux

At higher mass fluxes for a given quality, there 1s greater mixing
of the flow, reduced superheating of the vapor, and consequently higher
heat transfer coefficients as a result of all three effects. Because
of the higher momentum of the randomly moving liquid droplets and the
lower temperature of the desuperheated vapor boundary layer, any
droplet projected towards the wall will have a higher probability
of getting very close to it. Since the transition has been modelled as
heat transfer controlled, improvement in the heat transfer due to the
higher mass flux would lead to transition occuring at a higher wall
superheat, as may be seen from figure 28.

Figure 21 (run 16) shows the transient boiling process starting
with transition boiling. Consequently, no minimum AT was recorded.

It is quite possible that at such a high mass(250,000 1b/hr ft.z)
the wall superheat at minimum heat flux would be higher than the superheat
at which the transient was started. Hence the boiling curve obtained.

Effect of Quality

Figure 27 shows a sketch of heat transfer to the liquid droplets
and to the vapor for the same mass flux at two quality levels. At a
given quality, the heat transfered to the droplets is higher at lower
wall superheat levels. The inverse is true at higher superheats.

On the other hand vapor heat transfer continues to increase with wall
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superheat. The sum of the two indicates the level of AT at the
minimum total heat flux. At a higher quality heat transfer to the
droplets falls while that to the vapor incréases. The result is to
lower the level of AT at the minimum total heat flux for higher
quantities.Hence the observed trend in figure 28.

The above described additive effects can be very clearly seen from
figures 16 and 17, [run nos. 14 and 15] in which the equilibrium
qualities at inlet to test plece were greater than 1.0. Consequently
the droplet population and sizes must have been very small. The vapor
film would have been highly superheated making it difficult for droplets
to have penetrated towards the wall. The average distance of drops from
the wall would be higher. Consequently the heat transferred to the
droplets was almost negligible. The q/A vs. AT profile would then
resemble that for heat transfer to single phase vapor as flgures
16 and 17 indicate. No rewetting could be expected and none occurred,

Effect of Pressure

Previous work on the accelerating flow of liquid droplet/vapor
mixture have shown that a critical Weber Number, wecrit’ exists at
which a droplet breaks into two or more droplets of same total mass

but smaller sizes. Thus

§<og
- c We
pv(AV)z crit (3.3)

At higher pressures, the droplet sizes are smaller for the same quality and
mass flux. The total droplet surface area is larger and the vapor
superheat smaller. Droplet heat transfer is thus larger. Moreover,

due to the decreasing vapor specific volume with pressure, the pressure
differential which repels the droplet from the wall, and which arises

from the expansion of the evaporating liquid, is smaller. This allows
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the droplets to penetrate deeper into the vapor thermal boundary
layer, enhancing the heat transfer. These two factors have the effect
of increasing the overall heat transfer with increasing pressure, at the

same quality and mass flux. The transition AT minimum will thus be

higher.
The effects of pressure on ATmin in pool boiling follows the
same trend. Fig. 29 shows a plot of pool boiling ATmin vs. Tsat' The

parameters whose large varlations with pressure are of greatest significance

are the densities pv, pl and heat of evaporation h Since it is not

fg’
necessary for a droplet to touch the surface at the minimum, the minimum
can occur at a temperature greater than the thermodynamic critical temperature.

History and Flow Regime

In considering the effects of the presence of liquid droplets, it is
not only the quality at the region of transition that is important, but
also, the spatial distribution of the droplets across the channel. 1In
the G.E. experiments for example, the inlet qualities to the transient
test section were developed either in the preheater with no heating of
18 1/4 ft. long primary test section, or by heating of the primary
section only. Figure 30 shows the results of tests for the two cases.
The ATmin data with no heating of the primary section were significantly
higher. With no heating of the primary section, the two phase flow
could come to equilibrium and any superheat in the wvapor layer would
be eliminated. In additdon, more of the liquid droplets would tend to
migrate to the wall and form a liquid film and probably there would be
nucleate boiling at the entrance to the short test piece. The improved
heat transfer that results, during the transient, will probably cause
transition at a higher wall superheat. However axial conduction may

also be significant. In all cases in the GE data the wall was wet
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approaching the test section. For the unheated inlet tube there was
more liquid on the walls than when the inlet tube was heated but the
wall was always wet.

Experiments with the heated inlet tube are closer to the conditions
existing in a reactor and these have been used in the analysis and
correlations presented in this report.

Surface or Boundary Effects

Thermal Conductivity and kpc ratio

Various experimenters, e.g. Stock (9), Kalinin (6), Berensen (7),
who have investigated film boiling transition in either pool boiling or
with low quality flows, have indicated that the liquid consistently
touched the surface prior to collapse. This phenomenon is not deemed
restricted to pool boiling or low quality flows. During the period of
contact, heat transfer over the contact region is controlled mostly by
the phenomenon of pure conduction. A depression in temperature over
this region occurs and its magnitude depends on the rate at which heat
is supplied from the surrounding heater material to the contact region.
Thus a very highly conducting material will supply heat at such a high
rate as to retard wetting to a lower temperature, while the contrary is
true for a poor conductor. ’

Transient one dimensional conduction analysis of a slab of liquid
in contact with a slab of solid material shows that the term (kpc)L/
(kpc)w is the relevant thermal property group controlling the variation
of temperature'with time and distance from the contact surface. As
indicated earlier, Kalinin used this parameter to correlate his experiments
for transition in the rod flow low quality regime.

In order to determine the extent of the effect of conduction and non-

isothermality of the heating surface, it 1is necessary to know not only the
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liquid contact time and extent of the region of influence of conduction,

but also the frequency of contacts over the transient period leading -
to transition. It is thought that though occasional contact occurs

between the drops and metal in film boiling, the fraction of heat

transferred during these contacts is small and is not essential in

giving a minimum.

Oxidation of or Solid Matter Deposition on Surface

As with varying material conductivity, the presence of a solid film on
the heating surface either from oxidation or deposition of foreign matter
(crud) alters the nature of the boundary interaction between the fluid
and the solid, hence introducing a completely new heat transfer mechanism.
Accepting the arguement that ATmin is not a thermodynamic property of the
fluid, but is a consequence of a variety of heat transfer processes, .
one would expect variations in ATmin as a result of the formation of
crud. The increased resistance to heat transfer imposed by the film
allows the inside surface of the heating material to be at a higher
temperature at transition. Moreover, as the film material is generally
of low conductivity, the peaks of the non-uniform film surface projecting
into the flow act as cold spots that intercept and trap some liquid
into itself. Via the contact heat transfer that results, liquid can then
migrate to the rest of the crudded surface, causing transition to occur
at a higher temperature.This effect is hidden in the results plotted.
However, in general we expect this kind of a heat transfer at a crudded
sur face.

Contact Angle and Surface Tension .

Because of the fact that liquid contacts the surface prior to
collapse, any increase in the wettability of the surface either via the

introduction of a wetting agent or change in surface tension with temperature
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will increase the transition AT. Berenson (7) observed this when he
introduced Oleic acid into pentane in pool boiling. The trend is expected
to be the same in film boiling, but perhaps not as significant.

Proposed Correlation

It is reasonable to expect that the correlation for film boiling
transition AT in forced convection would tend towards that for pool
boiling when the quality and mass flux become very small. It may be
pointed out of course that one is not certain as to what effective
quality one should assign to pool boiling but intuition suggests that
it would be small as the void fraction is small.

In 1962 Berenson (7) conducted a series of pool boiling experiments
on 2 inch diameter horizontal surfaces. Data for all the boiling
regimes were obtained, including the burn out and the minimum film
boiling heat flux points. Heat was supplied in a steam chamber (allowing
for controlled constant temperatures) through a copper block finned
on the steam side, to the experimental surfaces. By soldering thin
slabs of nickel and inconel to the base copper block, three different
surface materials were obtained. He tested also for the effects of
surface roughness (cavity density) by applying different finishes
from mirror finish to Lap E, to the surfaces. In addition to the
experiments, Berenson developed a model in which bubble formation at the
liquid/vapor interface was controlled by the unstable growth of a
disturbance introduced at the interface, using the Taylor-Helmholtz
instability equation. Of all possible frequencies that might disturb
the interface the most likely frequency is that which would cause the
fastest rate of growth of the amplitude of the disturbance. Using
this criterion as well as simplifying assumptions regarding the effects

of vapor velocity and vapor film thickness in the vieinfty of the
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minimum heat flux, on the value of the most unstable frequency together
with the energy and force balance equations, he determined expressions

for the heat flux and wall superheat at the minimum heat flux in film
boiling. The expression for AT is given below (eqn. 3.5). The model used
is very similar to the earlier one proposed by Zuber (20).

Since it was not necessary for the liquid to be in contact with
the wall prior to collapse, two features of the correlation become
apparent. The first is that the properties of the heating surface do
not enter into the equation. The second is that it is then possible
to predict a transition surface temperature in excess of the thermodynamic
critical temperature of the liquid. This last feature is particularly
important in the choice of Berenson's equation as that to be used in our
correlation. G.E.'s experimental results show wall temperatures higher
than the critical temperature for water. Berenson's equation also
contained the relevant effects of pressure via the fluid properties,
and as was pointed out earlier, was successfully used to correlate our
results with Nitrogen (13).

It may be pointed out that Berenson found neither the cavity
density nor surface thermal properties to have had any significant effects
on the transition temperature. As long as the roughness heights were
lower than the vapor film thickness, surface smoothness or lack of it
would not affect the transition temperature.

With respect to other factors that may be taken into account in
developing a correlation, it has been observed that ATmin generally falls
with increasing quality and increases with mass flux. Axial and radial
conduction effects in the wall have been ignored. It may be argued

that the droplet residence time at any one point is so fleeting that surface
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. A correlation of the form:

transient conduction effects may be ignored.

m
AT g0 = AT (- AXY) @ + BGM) (3.4)

where ATBER is given by

2 " '
ATyey =o0.127 fine hey [7 (f:m} 3[ % T - ? (3.5)
kve LA+2 ) 3R |3C-£) |

was used with data for 50,000 1b/hr. ft2 and 100,000 1b/hr. ft2 at qualities
of 0.3, 0.6 and 0.8. The resulting equation is
2.45

=4, .49

AT = 0.29 ATBER (1 - 0.295 . )y A+ (Gx10 )" (3.6)

min

Figure 31 shows a superposition of this correlation on the experimental
. data. We do not profess much confidence in using equation 3.6 for
extrapolation to mass fluxes outside the range 50,000 < G £ 100,000
1b/hr. ft2. At a high enough mass velocity the superheat in the vapor
will disappear and the drops will be very small with consequent higher
heat transfer. It is suggested that for G > 100,000 use G = 100,00
in equation 3.6. The transition AT thus obtained will be lower than
the actual value, implying a conservative estimate. Since the effect
of mass flux is considered to be not very pronounced for low mass
fluxes, the value of G = 50,000 1b/hr ft2 may be used for G< 50,000 1lb/hr. ftz,

in equation 3.6.
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IV. FIIM BOILING HEAT TRANSFER

General Remarks .

Post critical heat transfer film boiling has been quite extensively
investigated in the last decade. Laverty (15), Forslund (16), and
Hynek (17) of M.I.T. and Bennett (11) of Harwell have developed the
two step heat transfer process in the Post CHF film boiling region.
This model implies that heat is transferred first to vapor and then
from vapor to drops. The basic difference between the Bennett model
and the M.I.T. model is the allowance of a direct wall to droplet
heat transfer in the M.I.T. model which is missing in Bennett's
formulation. The relative magnitude of this wall to droplet term is
defined by constant K1K2 which is determined from experimental data.
The drawback with both of the models is that they are awkward to work .
with from an applications point of view. Both are differential models
requiring initial conditions and a computerized finite diffference
solution scheme. The perfect tool for the determination of post critical
heat transfer is a correlation in terms of local and easily calculable
variables such as mass flux and equilibrium quality.

Before we can do this, there are certain difficulties that must
be overcome. First, the heat transfer in Dispersed Flow Film Boiling
is history dependent, that is, it is a function of events occuring
upstream. In relation to this there is also a certain amount of
superheat in the vapor that depends on such things as heat flux,
mass flux and fluid properties. This thermal non-equilibrium means

therefore that actual flow quality and the equilibrium quality will .

be different. As yet there is no easy way to relate the two.
Therefore any correlation in terms of mass flux, equilibrium quality

and fluld properties alone will of necessity be compromised in some
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portion of the test section if the history effect is not accounted
for. As of this time we are not able to overcome this problem, but
we feel certain that the answer lies in returning to the theoretical
two step model and trying to find simple trends in some of the key
variables that will allow one to reduce the solution of post critical
heat transfer to a closed form correlation.

Groeneveld Correlation and its Problems

Out of necessity and for lack of a better scheme, correlations have
been devised based solely on experimental data. The one now used by
G.E. (in accordance with the AEC Interim Acceptance Criterion) is due
to Groeneveld (18). This correlation is basically a forced convection
vapor heat transfer correlation with a quality correction. The
coefficients were optimally determined by a least square program applied
to a wide range of data from the literature. Groeneveld correlation

for tubes is given by

Nug = 0.00124 [Reg (x + %g (l—x))]'877 y-.6 PR1.52 (q/A)o°124
L
where y = 1 - 0.1 (pf,-l)o'4 (l-x)o'4 (4.1)
£

The general functional relationships are that heat transfer increases
for increasing mass flux and increases for increasing quality. ~
If we now observe temperature - length plots both experimentally
determined as in Fig. 32 and theoretically derived from the 2-step
model, the following dependence of heat flux with quality has been
noted. Considering the absicissa in Fig. 32 as directly proportional
to quality and ordinate as inversely proportional to heat transfer
coefficient, h, one sees that as quality increases, h first increases
to some maximum at some quality and decreases after the maximum.

This maximum point depends upon such things as the CHF point, mass flux, heat
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flux and fluid properties. The relatively low h at low quality is caused by
the low vapor velocity while the low h at higher quality flow is due in
part to the superheat in the vapor. It is evident that Groeneveld's
correlation does not follow this trend of increasing heat transfer with
quality to a certain maximum:value and subsequemt decrease. One must
say though that the heat transfer coefficient increases at a decreasing
rate with quality. But why does it never show the reversal condition?
(see Fig. 34 through 36 for plots of Eqn. 5.1).

The first step is to examine the data from which the correlation
was made. Generally the quality was above 407 and the mass fluxes
were above 500,000 with just a few points at 200,000 lb/hr-ftz. It
is important to note the general experimental method too. Saturated
or subcooled flow was put into the tube and then heat flux was applied
so the resulting CHF point occurred somewhere inside the tube. Because of
heat flux limits the resulting CHF quality tended to be in the middle
to high quality range. Fig. (33) is a temperature - length plot from
Bennett (11) which illustrates very well this kind of data. This data
was taken in an experiment such as described above and was used in
Groeneveld's correlation. For each heat flux the heat transfer coefficient
increases with increasing quality, which substantiates eqn. 4.1, but
due to the limitations of the apparatus (i.e. the tube was not long enough)
the full temperature-length plot was never achieved. Due to the
relationship between the value of quality at burnout and the position
of CHF point relative to the exit of the tube, the heat transfer coefficient
was never able to reach its maximum and begin to decrease. Also there
could be a significant difference between actual and equilibrium
quality with equilibrium quality being always the higher. In fact

fig. 32 used to argue the quality reversal phenomenon demonstrates

the problem of superheating the vapor. The quality reversal is indeed
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present, but due to the tendency of liquid nitrogen (the test fluid
used in generating fig. 32) to support high vapor superheating the
reversal point was at an equilibrium quality greater than 100 percent
( xé = 1.0 is indicated on fig. 32). This means that the Groeneveld
correlation would adequately predict the heat transfer up to an
equilibrium quality of 100 percent, as indeed the heat transfer coefficient
increases with quality between zero and 100 percent for this one graph.
But for fluids such as water which generally has a lower vapor
superheating capacity due to the high vapor thermal conductivity, the
reversal point is less than 100 per cent quality.

These two points, therefore, show how an observer can overlook the h
reversal with quality. First, his quality calculation reaches 100%
with no sign of reversal in h because the actual flow quality is still
somewhat less than 100%, while in the case of low quality CHF there is
not enough tube length left after CHF to allow h to reach a value that
would indeed indicate a reversal.

Understanding now that there is a need for a correlation in terms
of local conditions, and that one should be careful that the experiment
to be used to base the correlation on is completely representative. of
the phenomenon, the next step wauld be to formulate such an experiment.
One such method is the experiment from which data in Fig. 32 was obtained.
This plot was obtained by first heating the tube to a temperature that
would sustain film boiling and then initiating the flow thereby creating
zero quality CHF at the entrance to the test section. By increasing
the power incrementally and measuring each steady state temperature
distribution the boiling region can be formed for a given mass flux

with quality as the parametric variable. This method works well for
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freons and Cryogens but has not as yet been attempted with water for fear
that the tube walls might melt.

The transient experimental method employed in this report was chosen
because of its simplicity, the large amount of information obtained from
each experiment, and the accurate knowledge of the independent variables
throughout the run. Aside from being able to give minimum AT's as a
function of quality and mass flux this experiment allows us to examine
the film boiling heat transfer also in terms of quality and mass flux.

Experimental Heat Transfer Results

Returning therefore to the experimental results of this report,
the film boiling data from Figs. 7 through 25 were grouped according to
mass flux in Figures 34 through 36. As these figures present a great
deal of information on which the film boiling heat transfer correlation
to be presented in this report is based, a rather detailed explanation
of these graphs is required. The mass flux range covered in these
graphs is .05 to .25 x 106 1bm/hr—ft2 at a pressure of 1000 psia. In
each figure corresponding to one of the three mass fluxes there are
presented in the standard boiling curve coordinates q/A vs. AT with
quality as parametric variable, Groeneveld correlation, the G.E.
transient data, and G.E. steady state data. The solid lines represent
Groeneveld's prediction for the specified conditions. The dashed lines
represent the G.E. transient data and will be considered as the true
film boiling heat transfer.

These lines were constructed in the following manner. The most
conservative film boiling data point was chosen from each run and plotted

on the figure corresponding to its mass flux. Then a dashed line bearing the

Groeneveld slope was passed through the data points and was considered
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to have the quality corresponding to the single data point. For
example the top most dashed line in Fig. 34 which intercepts the
hexagonal symbol (Run 22) is assigned the quality of 24%. This method
was thought to be better than plotting all the film boiling data points
from each run onto the graph and determining the slope of a best

fit curve because of the lack of a film boiling data range in the
separate runs. Any slope drawn through such a small range would have
to be questionable whereas the choosing of the lowest film boiling data
point and using the Groeneveld slope would tend to be conservative.

For purposes of further substantiating the transient data and more
importantly to insure that the dashed lines accurately represent the
lower portions of the film boiling curves, the G.E. steady state data was
plotted on the figures. To conserve the number of symbols necessary
to display the data, all the data points for any one steady state run
was plotted using the same symbol, even though each point represents
a different quality. In order to obtain the approximate value of quality
for each steady state data point the following information is placed on
Figures 34 through 36. In the steady state data symbol key, along
side a symbol representing a steady state data set there is quoted
a minimum and maximum value of quality for that particular G.E.
data run. The minimum value is associated with the left most point
in the set and the maximum value with the right most point. The inside
points are linearly interpolated with quality. With this in mind for
all three mass fluxes the steady state data was always above the
dash line of the same quality. Unfortunately the G.E. steady state
data was all taken in the high quality range and, therefore, could not be

used to verify the lower quality lines.
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As it was deemed essential to attempt any means possible to further
verify the low quality lines, so called "theoretical data" was produced
using the Hynek model (17). Hynek's model was used to predict a temperature-
length profile given a mass flux of 50,000 1bm/hr—ft2 for several values
of K1IK2, KI1K2, you will recall, is the measure of droplet heat transfer.
From ref. (17) it was found that a value of about 1 or 2 successfully
predicted water data. The dashed line or real film boiling data of
Fig. 34 have been replotted, onto Fig. 37 where the results of the
theoretical experiment have been plotted. The 507 quality data point
predicted almost exactly the 507 line of the real data for KIK2 = 1.0
but predicted higher for K1K2 = 2.0 and considerably lower for KLK2 =0.
This, therefore, helps to support the low quality lines for the film
boiling region.

Considering now the dashed lines to be the true film boiling heat
transfer the following observations are made. Within the limits
of the quality range obtained from the apparatus, the data supports
the functional relationship between quality and heat flux proposed
earlier. That is starting from the high quality end the heat transfer
should increase with quality to a certain point then decrease. At
least for figures 34 and 35 the reversal point seems to be in the
vicinity of 50% quality. The second important observation is the high
degree of conservatism displayed by the Groeneveld equation at low mass
flux levels. It is felt that this discrepancy arises from the fact that
the correlation was based on high mass flux data. The reason the correlation
does not extrapolate well to low mass fluxes is the relative magnitude
of direct wall to drop heat transfer and wall to vapor heat transfer. Even
though droplet heat transfer is a part of the total heat transfer and

therefore indirectly correlated by Groeneveld at the high mass fluxes,
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its functional dependence with velocity is apparently not well correlated.
That is it is felt that droplet heat transfer decreases at a lower
rate than the forced convection component. This is indicated by the fact
that at zero velocity, forced convection heat transfer is zero whereas
droplet heat transfer isn't.

The correction term is derived in the following manner. The
Groeneveld heat transfer is subtracted from the G.E. transient data
as displayed in Figures 34 through 36. Remembering that the functional
form for the Groeneveld equation and the heat transfer is

q/A = F(G,x) ATY (4.2)

the subtraction process gives the correction term as

(q/A) ~(q/A) = [F,(6,%) - F (G,x)] AT = (Correction Term)AT™ (4.3)

Actual Groen.

or Correction Term = F2(G,x) - Fl(G,x) (4.4)

actual heat transfer

where subscript 2
subscript 1 = Groeneveld heat transfer

The correction term is plotted in Fig. 38 in terms of mass flux and

quality. There is a marked trend in the correction term for the 50,000

and 100,000 mass flux ranges between 50 and 110 percent quality. There

are only three points for the 250,000 mass flux but with a hint of the

same trend. With the lack of data at low qualities, one does not

really know whether the correction term will continue to increase,

remain constant or decrease at qualities below 50 percent. Just from

the general trend of the data as well as a consideration for conservatism

the downward trend was chosen. An attempt was made to verify this

trend by postulating that the data at 10 percent was quality would be

about the same as that obtained at 90 percent quality, The correction
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term was then calculated and plotted as a Solid symbol on Fig. 38.» This
procedure does seem to indicate that a downward sloping trend of correction
term with quality beyond 50 percent will be conservative. Therefore

the general trend chosen for the quality variation was that the correction
term be zero at an equilibrium quality of 110%Z,maximum at 50%, and slope
down as the quality decreases below 50%Z. For the mass flux variation,

the correction term doubles itself in going from 50,000 to 100,000.

The resulting correlation is given in equation 4.5.

(Correction Term) = 45(140.3193x + 1.3894 x° — 2.278 x°) 4.5)
/50,000

The comparison between equation 4.5 and data is given in Figure 39.
The total film boiling heat transfer becomes

(q/A)Actual = (q/A) Groeneveld + (q/A)qurection

or (q/A)Actual =i[.00124 %EReg(x + %}% a - x) )3.877

g8 ety 4 g 107% (1.0 + 0.3193 x + 1.389% x> - 2.278 xB)E;Aml'14l

where y =1 - 0.1 (p’z'/p _1)0.4 a - x)O.k
g

(4.6)
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V. DISCUSSION

By the use of an analytic solution, in the form of a rapidly
convergent serles, for the transient temperatures and heat fluxes at the
inside wall surface, an attempt has been made to make the data reduction
as rigorous as possible. FErrors in the data presented as the total
transient boiling curves, from which the Atnin and film boiling analysis
were made, could therefore be attributed to those arising from the
experimental method itself.

The radiation losses have been estimated using a black body model
and the maximum wall temperature occuring at the beginning of the
transient. Both assumptions overestimate the radiation component of
heat transfer over the transient period. The quantity computed merely
gave an optimum level of radiation losses and was not used to correct
the results. With respect to the axial conduction heat losses, it
would be very difficult to maintain near uniform wall temperatures, and
thus minimize the conduction heat loss, with a transient test piece
that is 4" long, not iﬁcluding an additional total of 3" allowed at the
ends for buss connections. A much shorter tube would have been better.

With regards to the transition temperature from film to nucleate
boiling, there is some uncertainty 1in the literature as to what is
the wetting temperature, as opposed to the wall temperature at the
minimum in the q/A vs temperature difference curve. Semeria and
Martinet (8) studied the conditions for the simultaneous and stable
existence of nucleate and film boiling on the same heated surface.

The wetting temperature is the wall temperature at the tip of the
liquid front seperating the two boiling regimes. A thermodynamic

definition has been given to this temperature as the maximum superheat
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temperature at which liquid can exist (see eqn. 3.1). Being a thermodynamic
property of the fluid, it has to be less than the critical temperature.
However, in transition experiments where the measured temperatures, or

the actual boiling surface temperatures, are controlled by the heat

transfer process in the vicinity of the transition, what is obtained is

not the wetting temperature. In Kalinin's experiment, for example, the
correlated minimum wall temperatures were those taken in a transient

flow quenching experiment [rod flow regime], in which axial conduction

was occuring and the wetting boundary was being propogated downstream.

The temperatures measured at the back of the tube included an averaging
effect due to axial conduction in the metal and heat transfer in the dry and
wet regions of the tube. Nevertheless, the liquid/vapor interface temperature
inside the tube would be brought to the wetting temperature in order

to allow the propagation to continue.

The Leidenfrest experiment does not measure the wetting temperature
but measures the limiting wall temperature at which the heat transfer
process to a drop, from a heated wall, can generate vapor at such a rate
as to maintain the drop in suspension above the surface. Continued
contact between the liquid and the solid is not necessary in order to
obtain this turning point. Since the temperature is usually recorded at
the back of the heated surface, and since the drop is stationary above
the surface for the whole of the process, the temperature must be corrected
for the effects of both normal and lateral conduction.

Transition in dispersed flow differs from the Leidenfrest experiment
in two respects. Firstly, a number of droplets rain down towards the
surface in the region where transition originates. The ratio between
the region of the heated surface covered by liquid and the total relevant

heated surface area is therefore different. It is obvious that the
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more this ratio tends to one, the more uniform the wall temperature .
will be within that relevant region. The more uniform the wall temperature
is, the less 1s the effect of axial conduction. Secondly, because of the
flow the droplet residence time above any given point is small. Both

the area ratio and the droplet residence time influence the effective

heat transfer coefficients, and since the transition is heat transfer
dependent, the resulting temperature differences will be different for

the single stationary drop [Leidenfrost] and the dispersed flow experiments.
In conclusion, therefore, what one measures as the minimum temperature
difference in film boiling depends on the process that leads into
transition.

The process by which deposits on the heated surface affect the
transition temperature have already been discussed, although the data we have
analyzed did not give isolatable information on it. The experiment
was not designed to do so. However it seems inevitable that such a
process would have taken place, particularly when one considers the
fact that the text piece was raised to temperatures as high as 1900°F
during the experiments. At such temperatures, metal-water reactions alone
are known capable of leaving substantial deposits on the heated surface.

The General Electric quench data reported in June 1972 (NEDE 13204)
present a very interesting comparison. In these experiments, a 169 1/4
inch diameter vertical test section, with a 144 inch heated length,

was raised to desired test temperatures before a pre-set flow was passed
through it. The heat was supplied via a '"Calrod" type heater, Nichrome V
wire wound, with a chopped cosine axial power distribution, see Fig. 40.

The fuel rod was clad with stainless steel such that a 0.570 inch /

0.820 inch annulus was created for the flow. Thermocouples were placed

at 1.2' 4', 6', 7', 8', and 10.8"' positions from the start of the heated
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length. Transition wall superheats in the range of 200°F to 600°F
were recorded for various mass fluxes 'and initial wall temperatures,
at the different axial positions. Fig. 41 ghows a plot of AT at
transition vs mass flux. It shows, in particular, an average of 300°F
to 450°F for the various axial positions. It was also observed that for
low mass fluxes the collapse sequence progressed from the bottom
thermocouple up the tube, sequentially. At high mass fluxes the middle
thermocouple indicated collapse after the first thermocouple but before
the 4 ft.and the seven ft. thermocouples (See figs. 42 and 43), an
observation which could not be explained in the report.

The problem now exists of explaining why such an unexpected collapse
sequence occurred and why the recorded transition wall superheat were
so far below those reported in the current data (around 900°F). In
attempting to do this, we shall recall the observation, in NEDE 13204,
that the time to transition increased with an increase in the wall
temperature at the beginning of the transient. From the heat flux
distribution, one would expect the six foot position to be at the
highest temperatures in the absence of any cooling effects. Prior
to the transient belng started, there was usually about 1 ft of water
at the bottom of the unheated section. Natural convection, and
evaporation from this pool would have the effect of shifting the position
of the maximum up the tube, since the heat flux at the 5 ft. to seven
foot levels was constant. Table (2) shows a record of the wall temperatures
at the beginning of the transient, for those positions for which data
were available. The seven foot position appeared to be at slightly
higher temperature than the six foot position, though not excessively
so. As far as transition time is concerned, one would therefore expect

the six foot level to collapse before the seven foot level. Additionally
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the crud deposition would be highest between the five-foot and seven ‘
foot levels. With crud on the surface, transition can occur at higher
temperatures. It is then possible for the six foot level to go into
transition before the four foot level and the pogsibility would increase
with mass flux, particularly where the test section heat generation
remained fairly at the same level, as was the case with NEDE 13204.

As far as the difference between the wall superheats reported for
the two experiments is concerned, the same crud effect arguments may be
used to supply an explanation. The maximum wall temperature level of
NEDE 13204 report was 1500°F while the short transient test piece was
raised to as high as 1900°F. One would expect the metal water reaction
to be higher at the higher temperature with a consequent increase in
the transition temperature level. A closer look at Fig. 4) would show
in fact, that the six foot level had the highest transition temperatures,
reaching close to 600°F at the highest.

An attempt to explain the difference AT's from possible different
processes to transition was not possible. One would,for example, expect
the temperature for droplet deposition controlled collapse, in which the
liquid does not have to touch the surface, to be higher than for axial
conduction controlled rewet. However, both processes could very much have
occurred in both experiments. Whereas axial conduction controlled
rewet may have been responsible for the transition of the 1.2; 4', 7',

8' and 10.8' levels, transition of the 6' level may yave been due to

dispersed flow rewet, particularly at the higher mass fluxes. The short

tube experiment could also have been similarly subjected to both types

of collapse. .
The film boiling program has made very clear, two important ‘

defficiencies of the Groeneveld correlation. The first is that it -
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underestimates the total heat transfer, particularly at low mass fluxes
and low qualities, by not adequately accounting for the droplet heat
transfer. Secondly, the correlation failed to réflect the trend of the
improvement in overall heat transfer due to the droplets, as the quality
changes from very low to very high values. This should increase with
quality, reach a maximum at an intermediate quality and then decrease

at higher qualities. Groeneveld's correlation was empirically determined
from data, such as those of Bennett(ll), which were at higher qualities
and mass fluxes, and their quality ranges in particular were such that
the aforementioned trend was completely missed. It should be noted that
in the formation of the correction term with quality the variation was
forced to be a maximum at a quality of 50 per cent regardless of mass
flux. It 1is possible that the reversal point can shift with mass flux.
The suggested correction term does not include pressure effects, just as

the correlations for ATm and film boiling heat transfer are strictly

in
valid for 50,000 < G < 100,000. However in the recommendation

section extrapolation procedures are given to be used as guides.
outside this range.

In closing it is felt that emphasis should be placed on the importance
of scale deposition on the test surface. We know for a fact that there
was a significant deposition of scale on the test surface. First, the
actual physical observation of the transient test section which was sliced
in half after the experiments allowed one to find a dull grey deposit
on the inside surface of the tube. Second, the nucleate boiling regions
for all the reduced data plots (Figures 7 through 25) are shifted to the
right of that predicted by Jens and Lottes. This can be seen by observing

that the burnout temperature difference is on the order of 100 to 200

degrees for the data as compared to 20 degrees for Jens and Lottes.
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When we compared the film boiling daEa and minimum film boiling temperature
differences in this report to that of other researchers in this field

we seemed to be somewhat higher than most of the presently available

data especially in the comparison of the minimum film boiling temperature
differences. But in the context of scale deposits our seemingly high
values may very well be the correct description of the phenomenon

in actual practice . At least the experiments in this report indicate
that the boiling curves for forced convection are affected by forced
convection heat transfer to vapor wall to droplet heat transfer, radiation
heat tranfer and scale deposition. This scale deposition affects the
boiling curve by increasing the minimum film boiling temperature due to
the addition of a resistance between the wall and fluid heat tranfer

due to the so called wicking effect.

This scale deposit phenomenon has not been emphasized before because
of its temperature dependence. Researchers have not run transitien
experiments that allow the test surface to reach the temperature
necessary for the scale to accumulate. The scale accumulation does not
seem, though, to be time dependent as our data does not have strong
indications that results differed from Run 1 to Run 24 (other conditions
being constant). Therefore we feel that, especially in a nuclear
reactor loss of coolant accident, the scale will be present such that
our correlations will predict the heat transfer characteristics. We
do feel, also, that more research should be applied to this area of
scale bulld up to insure that our suspicions are correct. There is some
evidence now, Blok (21), that in normal operation of a reactor scale

deposits are built up.
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VI. RECOMMENDATIONS

The investigations undertaken in this report were intended to provide
quantitative methods for the analysis of the heat transfer phenomena
associated with the postulated loss-of-coolant accident for a boiling
water reactor. It was the view of the authors that the best solution is
a complete definition of the boiling curve in terms of local variables.

In pursuit of this goal, data was taken that described the boiling curve
for a limited range of heat flux and quality. The following procedure

for determining the forced convection boiling curve is recommended for
water iIn the mass flux range of .05 - .1 x 106 1bm/hr. - ft.2 at 1000

PSTA. With reference to Fig. 44 the pertinent equations to use are

1) Nucleate boiling region (line 1):
Jens and Lottes
M, = 60(g"/10%) 1/4

ep/900

2) CHF POINT ( point 2 ):

Use proprietary G.E. Correlation
3) Transition boiling (line 3):

Straight line on log-log paper from CHF point to minimum point.
4) Minimum q/A point (point 4)

MIT Correlation given as equation

2.45)(1 + [G/104]O'49)

ATMIN = 0.29 ATBER (1 - 0.295 XE
5) Film boilling regime (line 5):
Groeneveld correlation with the M,I.T. Correction
(@/A) popar,
These corrections form a complete picture only at the above specified

conditions. Due to this lack of range of the experiments upon which these

recommendations are based an extrapolation and interpolation procedure is

- 1
= q/A Groeneveld + 9x10 4G(l.O + 0.3193x + 1.3894x2 - 2.278x3)AT

41
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needed. In this regard we are mainly interested in extrapolating the
minimum point and film boiling heat transfer to other pressures and mass
fluxes.

The pressure effect was built into the ATm correlation through

in
Berenson's pool boiling correlation. However, there is no actual

confirmation of the calculated results. For mass flux variations the
calculated values should go to the Berenson result for any given pressure

as the mass flux goes to zero. It happened though that Berenson's result

was higher than the values of ATmin for the 50,000 1bm/hr—ft2 mass flux

at 1000 psia. Therefore we recommend that one lump the 0 - 50,000 1bm/hr—ft2
mass flux range and use that result which the correlation gives for a mass

flux of 50,000 to represent it. For mass fluxes above 100,000 we recommend
using the value given by 100,000 to represent all higher mass fluxes.

In the film boiling correlation the Groeneveld term already has a
pressure dependence through the fluid properties and saturation temperatures,
but the correction factor does not. In order to estimate the pressure effect
on the correlation for the correction term, we assumed that the correction
term was due to droplet heat transfer which we assumed to be primarily a
function of void fraction. The pressure dependence on void fraction for a
given slip ratio and quality is proportional to vapor density. In going from
1000 psia to 300 psia the vapor density changes by a factor of 3. From 300 psia
to atmospheric pressure the vapor density changes by a factor of 18. We feel,
therefore, that the vapor density has not changed significantly enough to
affect the droplet heat transfer correction term in going from 1000 to 300
psia.

The variation in the correction term with mass flux was developed to

predict only the two mass fluxes given and does not tend toward the correct
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asymptotes at high mass fluxes. We feel that the correction term should tend
to zero as the mass flux reaches the order of 106 lbm/hr-ftz, and not go to
zero as the mass flux reaches zero. It should, instead, asymptote to some
value higher or lower than the value at G = 50,000 lbm/hr-ftz. Therefore as
a best estimate we feel that the values of G below 50,000 should use the
results given by the 50,000 lbm/hr-ft2 mass flux. Values of G above 100,000
should use that determined by the 100,000 mass flux. These ranges are shown

graphically in Figures 45 and 46.
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APPENDIX A

From O.R. Burggraf (12), the values of fq and f1 have already been

calculated and as such does not warrant recalculation. The calculation

of f2 will suffice to demonstrate the procedure. In knowing f1 and the

relationship for the del operator in cylindrical coordinates, equation (3.3)

becomes
14 2=yl r(£)2-1—22n(£_)] (A-1)
r dr dr a2 t,ro o

with boundary conditions

D4 @y =0 (a-2)
dr
2) fz(ro) =0 (A-3)
Integrating once with respect to r gives
2 4 _ .2 2 _ .2
ey . T |5 T m2E M) -z )} c, (A-4)
dr %2 4r0 0

Rearranging gives

af, . ro |22 -rom (5)]+ ¢, (A-5)
& TP Lur? %o T
Integrating once more with respect to r and rearranging terms gives
f2 = Ef-z - r(z)r2 n [r ] + rgr2 + Cllnr + 02 (A-6)
640 T, To Téx2
From (A-2)
4
C1 =r, (aA-7)
16a2
and from (A-6) .
c, = - Sr4 + r4 nr (A-8)
2 0 _9_2 0
6402 16a
Therefore f2 becomes
4 2.2 -
£, =1 [r4 - 5r4] - 2?2 [t]l -~ n f[r 1 4rgr (A-9_
2 77 2 0 0 in " Y 2 T
fot v 0 Téo 0 T6aZ
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APPENDIX 8

. a



Cx%%xXPROGRAM  GEDRP

Cx*»%xxGEDRP IS A PRUGRAM NESIGNED TO TAKE TRANSIENT TEMPERATURE-TIME
Cx#%x%x0ATA UN THE QUTSIOF SURFACE OF A TURF THAT HAS EXPERITENCFO A
CHaxxQUENCH TYPF HEAT TRANSFER PROCESS AND RECONSTRUCT THE  INSIDC
CksxknALL HEAT FLUX AND TEMPERATURE. THIS DATA REDUCTION SCHEME
Cxx%&ALLOWSy THEREFOREL, ONE TO CONSTRUCT A BOILING CURVE CURPESPONDING
ChaxxxJ( THE QUALITY AND MASS FLUX FOR wWHICH THE EXPERIMENT WAS RUN.
CH%kxt XPLILCIT IN THIS REDUCTION SCHEME IS THE ASSUMPTION OF ZERG AXIAL
C*x%x%CUNDUCTION.

Cx*x%x% [NPUT VARJTABLES

Cxx%x%  NDAT..oNUMBER OF SEPARATE DATA RUNS

CHx%k%x N0, oo ORDER OF CURVE FIT DESIRED (1 TN 6TH URDER)

Cxsxx  XOOL(I)DOP(1,J)ee .PLOTTING INFURMATION FOR PICTA

CrExk G yXXyTSATH)NUM. . . MASS FLUX (BTU/HR-SQ.FT.),QUALITY (PERCENT),
Cx%%xx SATURATION TEMPERATURF (DEGREES F)y RUN NUMBER

CxEkkk NPy NTRAJMZZPyN2ZP,L0P...NUMRER OF POINTS PcR RUN, TOTAL NUMBER OF

Cx*x%x POINTS TO BE INCLUDED IN ANY UNE CURVE FIT SEGMENT, NUMBER OF
Cxxx%x POINTS TO BE OVERLAPPED IN SUCCESSIVE CURVE FITS, NUMBER OF
Cex¥% POINTS TO BE DROPPED AT THF END UF EACH CURVE FIT SEGMENT IN THLC

Cxx%%x  WRITE AND PLOT CYCLE SO AS NUT TO DUPLICATE THE OUTPUT OF RESULTS

Cxr¥x  DUE TO THE OVERLAP PROCEDURE, DIGITIZING RATE (SECONDS)
CH3%%x  Y{I)eeseDATA ARRAY COUNSISTING OF TEMPERATURES IN DEGREES F

DIMENSION Y(1000),4(20,20),8(20,1),SUM(40) LXOOL(4)
DIMENSION XSCL(4) 2 2(999) ,DLOP{2,1) PLUMI2,20),E(T7,425)
LI=8
LL=5
READ(LI, 1) NDAT
1 FORMAT(I12)
READ(LI,2) NO
2 FORMAT(I1)
READI(LIZ3)XODL (1) 4 XUOLI2)X00L{3),X00L(4),D0P(1,1),0H0P(251)
3 FORMAT(6F10,.,2)

9Y



DO Lo I1ST=1,NDAT
READ(LI¢4) GoXXyTSAToNUM

4 t CRMAT({3F10.0413)
READ(LLI¢5) NP,NTRAZMZZP,NZ2ZP,COP
> FURMAT(413,4F10.0)
READILIS6) (YL ), I=21lyNP)
¢ FORMAT(11F7.1)

C* +%CURVE FIT SEGMENT OF PROGRAM
Crexe(YRVE FIY ROUTINE GIVES A LEAST SQUARE CURVE FIT OF 1 TO 6 ORDER

NPIG = O
{£=20
I INK=1
NBIN=2
SUM(L)=NTRA
LB3=NTRA
=1
JL2=NTRA

7 CONT INUE
[E=1E+1
NC 20 JJI=NU,NO

CERR=0,0

NQD= JJy*2

NOA=JJ+]

NODA=NOD+1

D08 J=2 ,NCDA

SUM(J)=0.0

X=0,0

DC 8 K=JL1l,JL2

SUM(J)=SUM(J)I+X *%{J=~1)
8 X=X+COP/3600.

Rlly1)=0.0

D0 9 J=JdLl,JL2

Bllyl)=Bllyl)+Y(J)

LY



9 CONTINUE
DO104J=24NGDA
X=0,0
BlJdsy1)=0,0
DO 10 K=JLl,dL2
BlJdyl)=B(Jsl)+X ¥%(J=-1)%*Y(K)
10 X=X+C0OP/3600,
DOLl1J=1,4NOA
DOl1Kk=1,NOA
L1=J+K~1
AldyK) =SUM(LL)
11 CONTINUE

C*sx% SHADE IS A MATRIX IWNVFRSION SUBROUTINE

CALL SHADE(A,NOA,B,1,DETLR)
Cx*&xxGENERAL SCLUTIONS
WRITE(LL,12)JJ
12 FORMAT(1H1,5X, "EQUATIONS FUR ORDER'y [4)
WRITE(LL,13)(RB(Jy1),J=1,NOA)
13 FURMATULIH ¢8Xg 'Y= gb19aT 9 48 gELS Ty %X+ gF 15Ty " *¥X%%24¢,E15.7,"
1#XRE3V /BN 41 g EL1S5. Tt oXEEL4Y ,C1H, Ty ' 2XK%S+,E15, 7, "% X¥56")
WRITE(LL,14)
14 FURMAT(LH o8Xs 'XVALUES® 49X ,*YVALUES?, 11X, *YCVALUES?}
¥+ RRCR CHECK WITH RESTDUAL
X=0,0
00 18 J=JL1,yJL2
YC=8(1,1)
NOLS5K=2,NOA
YC=YC+B(Kyl) %X ¥%(K=-1)
19 CONT INUE
CERR=CERR#(YC=Y(J)) %2
CALL DATSHW(O0,J44%)
GO TGL (16418)4J44
16 WRITE(LLSLT)YJeXsY{J)sYC
17 FORMAT(LH 414,3(2X3E15.7))

8y



18 X=X+C0P/3600.
ekt URDERED SCLUTION FUR BEST FIT
WRITE(LL,19)JJHCERR
19 FORMAT{1HO5Xs *FOR URDER®*, [4,53Xy'TOTAL ERROR IS?'42X4E15.7)
20 CONTINUE
CALL DATSWI(1,IRM)
GO TO (21,25), IRM
21 X=0.0
DO 23 J=1,L8B3
24J)=8(1,1)
DG 22 K=2,NOA
22 ZUJ)=Z(J)+BLK,y 1) %XXR(K~1)
23 X = X + COP/3600.

Cx%x%% VISUAL ‘PLOTTING RUUTINE
C*#x% PICTA PLCTS EACH CURVE FIT, THAT IS TEMPERATURE VS TIME. THEN
Cx%%% [T PLOTS INDIVIDUAL DATA POINTS TD COMPARE.

FTIME=LB3%COP/3600.
PAUSE
CALL ERASE
CALL PICTR(Zy14XLAByXSCLy19LB3,0y192y+2,FTIME,1)
XSCL(1)=0.0
CALL SCALPI(XSCL,0,0)
X=0.
DO 24 I=JL14JL2yNBIN
CALL LOOK
CALL FPLOT(-2:X,Y(I))
CALL LOOK
CALL POINT(-3)
~ 11P=NBIN
24 X=X+Z[P*COP/360CC.
2% CONTINUE
DO 26 I=1,7
26 E(I,IE)=B(I,1)
GO TG (27+35) s IZNK

6%



27

29
3¢
1Y

(R 23 ]
CRrks

40

“5

Chx%%
bRk
Crunx
Cakx

JL1=JL2-MZZP+1
[F(NP-JL1-NTRA) 28,28,29
JL2=NP

[ INK=TZNK+1

GC 10 30

JL2=JL1+NTRA~]
SUM(L)=JL2-JL1+]

LB3 =JL2-JL1+]

G0 10 7

CONTINUE

R= SPECIFIC HEAT X ULENSITY OF WALL MATERIAL
RQ 1S OUTSIDE RADIUS « RI IS INSINE RADIUS. (IN FEET)

R=67.392
RO=,5/12.
RI=,24625/12.
WRITE(LL,40)

OFORMAT{1HL,10X,*HCAT FLUX (BTU/HR=SQ.FT.) ', 30X, 'THALL ~ TSAT DEG

FY/72Xy " FIRST® 44X, *SECOND THIRD FOURTH FIFTH* 5Xo *FIRST

2SECOND THIRD FOURTH FIFTH SIXTH */77)

DO 45 [=1,4

XSCL{I)=X00LI(1)

PAUSE

CALL ERASF

CALL PICTR{(DOP 2y XLAB ) XSCL 92919140039 =2,FTIMES])
CALL SCALP{XSCL+0,+0)

THIS PART OF PRCGRAM CALCULATES INSIDE HEAT FLUX AND WALL
TEMPLRATURE USING SERIES SOLUTION EMPLOYING THE KNOWN VARTATION
OF TEMPERATURE AND ALL ITS DERIVATIVES WITH TIME ON THF QUTSIDE
SURFACE COF THE TURE.

1KC=0
NBIN=4
NZ20=1




X=0,.

IEE=1E-1

DO 120 K=1,1EE
NZZ=NTRA-NZ2ZP

DO 105 I=NZZOyNZZ.NEIN
[KD=[KO+1

Cx%kxx CALCULATION OF DERIVATIVES OF THE CURVE FIT POLYNOMIAL UP TU THE
C**%x%x ORDER OF THE POLYNOMIAL SELECTED

T=E(1+K)
Tl=€(24K)}
T2=2.%E(3,K)
T3=6.*%E(49K)
IF(NC~3) 60,65,50
50 00 55 L=54N0A
DS=L~-1
Dé=L-2
DT=L-3
55 T3=T34D5*D6XDT*E(L gk ) %XEX(L-4)
GO TC 65
60 T3=0.
IF{NG-2) 85,75,7>
65 DO 70 L=4,N0OA

D5=L-1
Neé=L-2
70 T2=T2405%DOXE(L,K)#X¥%x(L~-3)
15 DO 80 L=3,NCA
bhs=L-1
8C TLI=TLI+DS*E(L, K)%:X%&(L-2)
50 TG 90
8% T2=0,
90 DO 95 L=2,NOA
75 T=TH+E(LoK)®X¥%k (L -])

Cx#%x%x DK IS A CURVE FITTED POLYNOMIAL FOR THE TEMPERATURE VARIATION OF

18



cR¥%xx THERMAL CONDUCTIVITY OF WALL MATERIAL.

DK=T7.6909809+6.794E-3%T —-2.993878F-T%T %2
ALPA=DK/R

Ca%x%%x CALCULATION OF COEFFICIENTS TU BE MULTIPLIED BY THE DERIVATIVES
Ck¥%xx [N THE SERIES SOLUTIUN.

AL = ALGG(RI/RQ)

OD=(R*%3/DK*%2) x(RI*%5/384,-(3,/12R)¥RI*RO*%4+(3./1284 )% (RO*%2)%R [
1¥%3- (RO%*%6) /(384 . %RI)-(RO¥%2%(RI*%*3)/32,)%ALUG(RI/RO)={(RO*%*4)
2 *¥RI/32.)*ALOGIRI/R0O))

U= (R¥%2/DK)*(RI%%3/16.-RM¥%4/(16.%RI)-(RO**¥2%R[/4.)*ALOG(RI/RO))

F=(.5%R/RT)*¥{RI*%2-RO**2)

Fl=(RD¥*%2/ (4., %ALPA) ) *((RI/RO)*¥%2~1.-2.%¥ALOG(RI/R0O))

OFZ2=(1a/ (8. %ALPA) % %2 )X ((RI¥¥4-H %RN¥¥4 )= XRO**2kR [ *% AL

I =4 *ROF¥LGXAL 44 % RUFX2FR[ %% 2)

OF3=(14/ (4. %ALPA) % %3 ) ¥ {((RI*%6-10.%RD¥*¥6)/36 = o 25%RUFKLXR[%%2 ¢

L «5%RO¥K2XR] %% 4 , 5KAL ¥ROXK 2R [ ¥k X4 AL ¥ROF*4*R [ %% 2~RO*X*6XAL/6.)
OF4=(1e/(4.%ALPA) %44 )% ({3, *¥RI*%B-4T7%RN*¥%8) /1728, -RO*%6%R[*%2/9,
1 +ROH*GAR[%%6 /16442 ¥RO%K 2R I#%6/ 27 o ~AL ¥RO¥¥2%R [%%6/18. -
2 ALFRO¥#RGEXRI*%4/4 , —ALXRNEROKRL[*%2/6 ,~RU*%BXAL/T2. )

ONE=T1*F

SEC=T2*y

THRD=TF3%p

ACNE=T-TSAT

ASEC=T1%*F1

ATHD=T2%F?2

AFORT=T3%F3

QINs= ONE+SEC+THRD

DELT= AONE+ASEC+ATHD

SOW=GIN/1000.

Cokkk PLOTTING AND WRITING OF RECSULTS (Q/A VS TWALL-TSAT)

Y{IKC)=QIN

[49



1ov

10%

11y

115

120

125

130

135

lLé4u

145

150

Z(IKU)=DELT

CALL LOOK

CALL FPLOT(-2,DELT,SUW)

CALL LOOK

CALL POINT(-3)

WRITE(LL,100) ONE,SECyTHRD, AONE,ASEC,ATHD, AFORT
FORMAT(IXgF&.O,lX,FB.OpIXyFR.O,lX,BX ,ZX,SX ,4X’F6.093X.F6.C"2X¢
L F6.093XeF6.093X96X 92X96X )

LIP=NBIN

X=X+.1P*COP/3600.

NPIG=NPI+1

IF(NPIG-1) 110,110,115

IKI=1KO

CONT INUE

NZZO=14NZ2ZP

X=NZZP%*C(UP/3600.

WRITE(LL,125) NUM,G,XX,TSAT

OFORMAT{LHL o L1X 943 (%0 ) /12X gV k0 341X " ® P /12X %8, 1TX,*RUN 9,13,17X,
V%Y /12Xy "% 441X, %' /12X, § % MASS FLUX IS ',F9.0,*' LBM/HR-SQ.

ZFTa %% /12Xy '% %, 10Xy *QUALITY IS 'yF4.0¢" PERCENT "o 8X %0 /12K, "%

3SATURATION TEMP IS *,F6.0,' DEGREES F **)
WRITE(LL,130)

OFORMAT (12X * %! 46X *HEAT FLUX IS IN BTU/HR=SQ.FT4 ' y6X, %1 /12X, 0%,

1 9X, "MATERIAL INCONEL X=750",9Xys %1 /12X, V%1 41X, 0%/

2 12X 943 (0% )/ /11X, ' DELT Y 38Xy "FLUX 3 13Xy '*DELT ' 48X, *FLUXY//)
WRITE(LL2135) (ZC€1)4¥Y(1)yI=1,IKO)
FORMAT(1OX3F6.095XsF840+10XsF64095X4F8eN)

CALL DATSHW(2,J23)

GO TG (140,160),423

DO 145 (=1,I1IKI

Z{I)=ALOG(Z(I))

Y(I)=ALOG(Y!I))

CALL JSHLSU(IKI Z,Y,AA,88)

AA=E XP(AA)

WRITE(LL.150) AA,HB

OFORMAT (10X "LEAST SQUARE CURVE FIT EQUATIOUN*/10X,*IN FILM BOILING

€S



IREGIUN OF THE FORMY/LTIX,'QIN = AXDELT*%R' /10X, "WHERE */15X,%A = * ,
2EL1L1e9/15%4'B = ¥4,(11.5)
20K=400.
DO 155 I=1,17
PLUM(1,1)=Z0K
PLUMI(2yI)={AAXZOK**3B)/1000.
155 LOK=Z70K+50,
CALL PICTR(PLUM2 ¢ XLAByXSCL9241T75141+0y,-24FTIME, 1)
16C CONTINUE
164 CONTINUE
CALL EXIT
END

96
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TABLE 1

G.E. SHORT TUBE QUENCH RESULTS

Run
No.

a

O 0 W o »:

10
1
12
13
14
15
16
17
18
19
20
21
22
23

Pressure
(psia)

980
995
995
985
1003
1001
1001
995
995
1005
1000
1000
1001
1015
1013
1002
1015
1017
985
1001

Preheater
Heat Flux

21,234
19,494
13,663
11,923
43,078
39,249
37,856
29,763
24,367
48,213
115,658
103,648
95,294

0
0
0
0
0
0
0

55

Mass
Flux

48,108
49,630
48,900
42,121
101,235
100,258
99,423
98,492
99,649
98,116
247,135
252,907
251,242
47,116
48,023
47,049
47,053
44,029
45,954
99,436

Inlet
Quality

0.955

0.
0.
.489

b

o O O o o o o o

0
0
0.
0
0
0

827
525

.997

903

.871
.661
.492
.170
.180
.009
.928
.964
724
749
.538
.382
.238
.848

AT

710
770
730
840
780
900
930
815

1100

1030
930
900
950
950
850
620

1160

min

¥ Ayin

75,000
145,000
125,000
150,000
130,000
220,000
155,000
260,000
360,000

260,000
145,000
150,000
160,000
175,000
130,000
240,000

70,000

Note: The underlined data refer to runs in which the transient started

from transition boiling.



TABLE 2

NEDE 13204

RUN
7

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

1.2 Ft

820

745
805
925

890
740
810
990

975

975
1055

995

T
max

4.0 Ft

1300

920
1075
1325

1330

930
1060
1320

1330

1350
1435

1365

56

6.0 Ft

1400
1000
990
1170
1450
1015
1170
1440
990
1150
1440
1010
1180
1450
1450
1470
1225
1360
770
1450
975
1490"
800
1010
1440"
840
1395
840
1375

at start of run

7.0 Ft

*
1460

*
1020

*
1180

*
1500

1490
1020
*
1180
*
1485

*

*
1485

1350
1360

1310

PEAK TEMPERATURES PRIOR TO TRANSIENT (DEGREES F)

8.0 Ft

1400

970
1140
1400

1440
*
1020
1130
1140

1410

*
1440
1465

*
1440

10.8 Ft

1120

810
920
1150

1180
805
910

1140

1160

1200
1230

1180
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FIG.l. TEST LOOP

Winch
250#
QOutlet Provision for
TC g Venting
TRANSIENT
TEST SECTION
/ J.,_..— * To Condenser
l Welding
Trans- Thermocouples
former and Thermal
Insulation Entire
0 to Length of Test Section
2 volts
x STEAM
DRUM
STEADY STATE n}:[-—
TEST SECTION
Furnace
Trans-
former h:l—-‘ -
Condensate
30 to 125 KW
180 volts] BOILER
Test Sections
Electrically Insulateg ;' o
From Rest of Piping -
Sub-
- Inlet Cooler
~. Thermocouple )
Purge A f (Al1 piping is
_T_B Insulated) /
30 Kw Boiler
PREHEATER Orifice
~—Inlet L_‘"”_____.‘
~ Thermocouple
Auto Transforme Flow
// and Switch Test Section Control
Orifice Flow
Control - —
Control ""Q)
(A and B are quick acting valves) |_‘Fill and
Drain
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FIGURE 2 TRANSIENT TEST SECTION
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Insulation

FIGURE 3 PHYSICAL GEOMETRY AND BOUNDARY CONDITIONS FOR SOLUTION
OF INVERSE HEAT TRANSFER PROBLEM



(OUTSIDE WALL TEMPERATURE DATA)

To

60

ISt curve fit

range

TIME

FIGURE 4 PICTORAL REPRESENTATION OF CURVE FITTING PROCEDURE
USED IN OBTAINING FUNCTIONAL FORM FOR To(t) AND ITS
DERIVATIVES
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FIGURE 5 SAMPLE OF QUENCH TEMPERATURE-TIME DATA FROM THERMOCOUPLE
ON OUTSIDE WALL OF TRANSIENT TEST SECTION '
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FIGURE 6 SAMPLE OF ACCURACY OF CURVE FITTING TECHNIQUE



(KSTU/HR-5Q-F7+)

HEAT FLUX

700

800

Run 4

= 48,100 1bm/hr-sq.ft.
0.955

1000 psia

.492 1inches

[

G
X
P
D

FIGURE 7 REDUCED BOILING DATA FROM G.E. TRANSIENT TEST SECTION
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(KBTU/HR-5Q-ET- )

HEAT FLUX

1003

800 t

700 t

BOO r

400

=200

200

Run 5

G = 49,600 1bm/hr-sq.ft.
X =0.83

P = 1000 psia

D = .492 inches

200 400 600 800 1000 1200 1400
(TWALL - TS5AT) D[DeGRES F

FIGURE 8 REDUCED BOILING DATA FROM G.E. TRANSIENT TEST SECTION
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(HBTUMR-SQ-FT.)

HEAT FLUX

1000 . : \ — . _
00 Run 6 ]
' G = 48,900 1bm/hr-sq. ft.
8OO 1 X = 0.53
P = 1000 psia
700 1 D = .492 inches
B00 I 4
S00 1
400 mmmm - )
m (L]

300 tm (L)
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W%%m
100
D . ' 1 . | ¥ | . 3
O 200 400 600 800 1000 1200 14900

(TWALL - TSAT) DEGREES F

FIGURE 9 REDUCED DATA FROM G.E. TRANSIENT TEST SECTION
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(FBTU HR-5Q«FT.)

HEAT FLUX

1000

900 } Run 7
G = 42,100 1bm/hr-sq.ft.
800 X = 0.49
P = 1000 psia
700 t D = .492 inches
800 t
S00 ¢ 0 00 D)
L m
433 3 M
o
X0t m L)
M Mm
[
200 10 m%%mn
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O s i 'l 1 3 y - |
a 200 40 800 800 1000 1200 1400

(TWALL — TSAT) [EGREES F

FIGURE 10 REDUCED DATA FROM G.E. TRANSIENT TEST SECTION
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(HBTUHR-SQ«FT.)

o BBEUBEEHE S

HEAT FL IX

.
-

fuﬁ

Run 8

G =

X =1.00

P = 1000 psia
D = .492 1inches

EJ!FDEDIIIEH

o
L)

i —
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FIGURE 11
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REDUCED DATA FROM G.E. TRANSIENT TEST SECTION
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(KBTU/HR-5Q-FT-)

HEAT FLUX

1000

100

a

5 Run 9
G = 100,200 1bm/hr-ft2
i X = 0.90
P = 1000 psia
i D = .492 inches
m 0 m
] (1]
i m
™
m
L m m
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i m
- m
o Ty
@] =200 40 &00 800 1000 1200 1400
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FIGURE 12 REDUCED DATA FROM G.E. TRANSIENT TEST SECTION
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(KBTUU/HR-5Q:F T )

HEAT FLUX

O
A0 I m

200+ O
m
L

=0 |
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P = 1000 psia
@ = :
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a
a

200 4C0 600 800 1000 1200 1400
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FIGURE 13 REDUCED DATA FROM G.E. TRANSIENT TEST SECTION
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(KBTU. HR-5Q«F T+ )
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FIGURE 14 REDUCED DATA FROM G.E. TRANSIENT TEST SECTION
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(HBTJ/HR-SQ-FT+)

HEAT FLUX

1000 . ,
00 Run 12
0 o G = 99,600 1bm/hr-sq.ft.
800 a u X = 0.49
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FIGURE 15 REDUCED DATA FROM G.E. TRANSIENT TEST SECTION
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(KBTU/HR-5Q+«FT.)

HEAT F_UX
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G = 247,100 1bm/hr-sq.ft.
X=1.18
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D = .492 inches
200 400 800 800 1000 1400
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FIGURE 16 REDUCED DATA FROM G.E. TRANSIENT TEST SECTION
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(RBTU/HR-SQ-FT:)
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[
]

1.01
1000 psia
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X
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D

252,900 1bm/hr-sq.ft.

200 <400 &00 800 1000 1200
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FIGURE 17 REDUCED DATA FROM G. E. TRANSIENT TEST SECTION
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(KBTU/HR-SCF T+ )
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FIGURE 18 REDUCED DATA FROM G.E. TRANSIENT TEST SECTION
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HEAT FLUX
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FIGURE 19 REDUCED DATA FROM G.E. TRANSIENT TEST SECTION
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(KBTU/HR-SQ-FTs )

HEAT FLUX
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FIGURE 20 REDUCED DATA FROM G.E. TRANSIENT TEST SECTION

1400

1600

9L



(RBTU/t R-5Q«FTs)

HEAT FUUX
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X G = 47,000 1bm/hr-sq.ft.
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FIGURE 21 REDUCED DATA FROM G.E. TRANSIENT TEST SECTION
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(KBTU/HR-SQ«F T+ )

HEAT FLUX
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FIGURE 22 REDUCED DATA FROM G.E. TRANSIENT TEST SECTION
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FIGURE 23 REDUCED DATA FROM G.E. TRANSIENT TEST SECTION

1600

6L



HEAT FLUX
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FIGURE 24 REDUCED DATA FROM G.E. TRANSIENT TEST SECTION
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(KBTUHR-5Q«F T )
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FIGURE 25 REDUCED DATA FROM G.E. TRANSIENT TEST SECTION
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T T,

A Y

i /////A'I '

| |
WAL B/A

i /A, 492" | (.
LLLLYLLY VA i
L
0.5+ |
PERCENT = (WA * 9/A,) A where q/A , = K(Tj - T)
(a/Ag) Ac g T
AX = 0.5
RUN PERCENT ERROR RUN PERCENT ERROR
4 24 14 20 '
5 40 15 24 ‘
6 33 16 0
7 0 17 38
8 26 18 12
9 9.5 19 8
10 0 20 6
1 8 21 7
12 6 22 14
23 6

FIGURE 26 APPROXIMATE ERROR DUE TO AXIAL CONDUCTION IN
TRANSIENT TEST SECTION ‘
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FIGURE 27 FILM BOILING MINIMUM AT SKETCH SHOWING EFFECT
OF QUALITY
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FIGURE 28 FILM BOILING MINIMUM AT  vs EQUILIBRIUM QUALITY,

EFFECT OF MASS FLUX




(Tuacr = Tsat)BERENSON

85

BTygy = (0127 o, ¢ he 7k, () (aloy = 0,)/ (o + 0,))?/3
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FIGURE 29 POOL FILM BOILING ATuiNn® BERENSON'S CORRELATION
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FIGURE 30 FILM BOILING MINIMUM AT vs EOQUILIBRIUM QUALITY
EFFECT OF HISTORY OF FLOW REGIME ‘
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SURFACE TEMPERATURE DEGREES F
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FIGURE 33 SURFACE TEMPERATURE PROFILES IN CHFC FOR A MASS VELOCITY
oF 3.86 X 10% 1b ft™2 h™! WITH INCREASING HEAT FLUX
(FIG 9 A.E.R.E. - R5373 REF 11)



(KBTU/HR-SQ.FT.)

HEAT FLUX
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—
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[=
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T TT1T] 1

Ll i 1

- P = 1000 psia -
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— G.E. STEADY-STATE DATA —
— SYMBOL QUALITY RUN // -
- 0 - (1.06-1.53) 309 O/ -

o - (1.06-1.24) 304 / / G.E. TRANSIENT DATA
b— 4 - (] .04-1 .09) 302 / ;{ SYMBOL RUN QUALITY_.
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FIGURE 34
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COMPARISON OF GENERAL ELECTRIC DATA WITH THE
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(KBTU/HR-SQ.FT.)

HEAT FLUX
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- T T T 7 T T7717] T T T TT7TQ
— P = 1000 psia -
— G = 100,000 1bm/hr-sq.ft ]

5000—  G.E. STEADY-STATE DATA —
- SYMBOL  QUALITY  RUN Y, -
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g 4
//////
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- ) .9 7]
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FIGURE 35 COMPARISON OF GENERAL ELECTRIC DATA WITH
GROENEVELD CORRELATION
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'FIGURE 36 COMPARISON OF GENERAL ELECTRIC DATA WITH
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HEAT FLUX
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FIGURE 37 COMPARISON OF GENERAL ELECTRIC DATA WITH HEAT TRANSFER
DATA GENERATED FROM TWO-STEP MODEL OF HYNEK(17)



FILM BOILING HEAT TRANSFER CORRECTION FACTOR
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