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Abstract—A theoretically based prediction of CHF has been developed for high velocity flow in tubes.

Turbulent interchange between the bubbly layer and core regions is taken as the limiting mechanism. Good

agreement was obtained between predictions and experimental data for water flowing in uniformly and non-

uniformly heated tubes. The predictive procedure developed for water was found to yield resultsin agreement
with experiment for each of the four other fluids examined.

NOMENCLATURE

Pr Prandtl number
two phase multiplier in turbulent intensity Pu heated perimeter [length]
equation q’ total heat flux [energy/(length? time)]
total cross sectional flow area [length?] s that portion of total heat flux effective in
cross-sectional flow area in bubbly layer generating vapor [energy/(length? time)]
[length?] Qeond heat flux due to bubble condensation
tube diameter, [length] [energy/(length? time)]
hydraulic diameter [length] gpxe  DNB heat flux [energy/(length? time)]
average bubble diameter [length] r radial position [length]
friction factor o outer radius of tube [fength]
distribution function for v’ R (predicted critical heat flux)/(measured
axial heat flux distribution correlation critical heat flux)
factor in W-3 correlation Re Reynolds number
unknown functional relationships s bubbly layer thickness [length]
total axial mass velocity [mass/(length? U, frictional velocity [length/time]
time)] Vv global velocity of two-phase mixture
lateral mass velocity from core to bubbly [length/time]
layer due to turbulence [mass/(length? |4 average axial velocity of bulk flow
time)] [length/time]
gravitational conversion factor [(mass- v average axial velocity of bubbly layer
Iength)/(force) (time?)] [length/time]
saturated liquid enthalpy [energy/mass] gy radial velocity created by vapor
evaporation enthalpy change generation [length/time]
[energy/mass] v radial fluctuating velocity [length/time]
enthalpy of liquid [energy/mass] v mean value of v/
enthalpy at point of bubble detachment v'2"*  root mean square value of '
[energy/mass] Xy average quality in core region
constant, 270 [h~! °C~1] X, average quality in bubbly layer
single phase heat transfer coefficient Xavg {x) = global quality
turbulent intensity at bubbly layer core y distance from wall, r,—r [length]
interface z axial distance [length]
constant ZenF axial distance at which CHF occurs
liquid conductivity [energy/time length [length]
degree)]
Prandtl mixing length [length]
axial mass flow rate in core [mass/time] Greek symbols . o
axial mass flow rate in bubbly layer | average void fraction in core
[mass/time] oy average von fractgon in bubbly l.ayer
lateral mass flow rate from core to bubbly {a) avetr.agt; void fraction (across entire cross
layer [mass/time section
laferal[mass/ﬂow]rate from core to bubbly acyp  void fraction of bubbly layer at CHF
layer [mass/time] 1 1/v,,\?
total axial mass flow rate [mass/time] ¥ 7 exp— _§<G_u'> 1

Nusselt number

* Present address: Tsing Hua University, Hinshu, Taiwan.
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o liquid density at bulk temperature
[mass/length?]

I density of saturated liquid [mass/length®]

Ps vapor density [mass/length’]

P, Pavg  average density (across entire flow area)
[mass/length®]

o surface tension [force/length]

Oy standard deviation of v’

a(R) standard deviation of R

Havg viscosity of mixture {mass/(length time)]
n viscosity of liquid [mass/(length time)]
1(R) mean value of R

1. INTRODUCTION

THE ACCURATE prediction of critical heat flux (CHF)in
flow boilingis ofimportance in a wide variety of process
equipment. For design purposes, such predictions are
still largely made using empirical correlations having
no theoretical basis.

There is general agreement that the mechanisms
leading to CHF depends on the flow quality. At high
qualities, the flow is annular and CHF is caused by
dryout of the liquid film on the heated surface. It is
generally agreed that such dryout can be predicted by
appropriate modeling of vaporization plus entrain-
ment from, and droplet deposition on, the annular
liquid film. Several theoretically based prediction
approaches, the most recent being that of Levy et al.
[1], have been applied with relatively good success.

CHF at low qualities occurs when the bubbles near
the wall coalesce into a vapor film. Although a number
of theoretically based correlations have been proposed
for low quality CHF, none of these has been entirely
satisfactory. Thorgerson et al. [2] have suggested that
thecritical heat fluxisrelated to a critical friction factor.
By using the Reynolds analogy, they obtained the
critical heat flux in terms of the friction factor,
temperature difference and fluid velocity at CHF.
Thorgerson et al. were able to correlate their own low
pressure data but were unable to extend the correlation
to other data. Bergles [3] has pointed out that this
method would not be a very useful predictive technique
sinceitrequires thecritical pressure drop which must be
determined by the same experiment in which CHF is
measured.

Several correlations [4-7] have been based on the
generalidea that the pool-boiling critical heat flux, with
subcooling effects, can be added to the heat flux for
single phase flow at the burnout wall temperature.
Expression of this type can give an acceptable
correlation of data since they generally contain a
number of adjustable constants. However, they do not
shed any light on the mechanism of subcooled boiling
burnout.

Fioriand Bergles [8] postulated that,inslug flow, the
critical heat flux condition is caused by dryout of a
microfilm under a vapor clot. While this suggestion
appears to be in accord with their visual observations
and transient temperature observations, they were not
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ableto obtain quantitative predictions from this model.

The mechanism most generally accepted as leading
to CHF at low qualities is that of bubble crowding and
vapor blanketing at the wall. The bubble layer near the
wall is assumed to become so thick that it inhibits
enthalpy transport between the fluid in the core and the
liquid near the wall. In one version of this idea, it is
assumed that CHF occurs when a critical superheat is
reached in the liquid near the wall. Tong [9] used this
idea to relate CHF under non-uniform conditions to
CHF at uniform conditions but no basic CHF
correlation was proposed.

Some investigators have proposed that enthalpy
transport to the bubble layer is inhibited when the
boundary layer separates from the wall. Kutadeladze
and Leont’ev [4] used gas injection to simulate boiling
and concluded that the forced convection boundary
layer could be blown off the wall. They devised a
complex correlation, based on this idea, which agreed
with water and alcohol data over a narrowrange. Tong
[10] extended the work of Kutadeladze and Leont’ev
[4] and obtained a simple expression for critical heat
flux. The expression contained a single constant which
was a complex function of quality but the actual
correlation was not particularly good in the low quality
range. Hancox and Nicoll [11] also used the boundary
layer separationidea for the basis ofa CHF correlation.
However, Bergles [3] notes that the verification of the
assumed mechanism is questionable since seven
experimental constants were required in the final
correlation.

Hebel et al. [12, 13] have also proposed a model
based on vapor bubble obstruction of enthalpy
transport. In their model, dissipation of bubbles at the
wall depends on vapor condensation in the subcooled
fluid and vapor transport by the flowing coolant. When
therate of bubble production at the heater wall exceeds
the local vapor absorption capacity, a vapor blanket
develops at the wall. In their revised model, Hebel et al.
[13] account for flow of vapor bubbles away from the
heated surface as well as the flow of liquid towards the
heater surface. This correlation, which required four
experimental constants, was only capable of providing
a lower envelope for the data they examined.

Recently, Smogalev [14] has devised a model for
estimatingcritical heat fluxes via a transport model. He
was able to show reasonable agreement with limited
experimental data for water. His model is, however,
limited to subcooled water at low mass velocities;
velocities below the range of industrial interest.

A number of correlations based on dimensional
analysis, coupled in many cases with some consider-
ation of the phenomena involved, have been proposed
[15-17]. One of the most recent of such correlation
attempts is that of Katto [18]. He divided the available
CHF data into 5 regimes. Of these, portions of Katto’s
Hand HP regimes and all of his N regime correspond to
low quality CHF data. While a reasonable correlation
of water data was obtained, there is no real theoretical
basis for the dimensionless groups used or any
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indication that the correlation would apply to fluids
other than water.

In view of the foregoing, it was concluded that none
of the theoretically related predictions of CHF at
subcooled conditions or low qualities, available at the
outset of this work, were fully adequate. This study was
therefore undertaken to provide a theoretically based
prediction which would provide good accuracy when
applied to (a) uniformly heated water data at a variety of
conditions and from a variety of sources (b) non-
uniformly heated tests (c) data at the high mass
velocities of industrial interest (d) CHF data obtained
with fluids other than water.

2. BASIS OF PRESENT MODEL

Theexistence ofa bubbly layer adjacent to the wallin
boilingat subcooled or low quality conditions has been
confirmed by a number of investigators [9, 20-23].
Fairly wide acceptance has been given to the idea that
limited enthalpy transport between the bubbly layer
and core leads to the critical heat flux under these
subcooled and low quality conditions. Although the
idea that boundary layer separation is the cause of the
limited interchange it has not led to general correlations,
other approaches to the establishment of the limiting
interchange conditions appear promising [13]. The
present work is therefore based on attempting to
develop a model for the interchange between the core
region and bubbly layer and relating this to the
conditions at which vapor blanketing occurs.

The present model is based upon the following
postulates:

(1) Under subcooled and low quality conditions,
CHF is a local phenomenon. This is in accord with
currently held views [2, 12, 13].

(2) During subcooled and low quality boiling, the
bubbly layer builds up in thickness along the channel
until it fills the region close to the wall where the
turbulent eddy size is insufficient to transport the
bubbles radially [24]. At the CHF location, the bubbly
layer is assumed to be at this maximum thickness.

(3) CHF occurs when the volume fraction of steam in
the bubbly layer just exceeds the volume fraction
(critical void fraction) at which an array of ellipsoidal
bubbles can be maintained without significant contact
between the bubbles.

(4) The volume fraction of steamin the bubbly layer is
determined by a balance between the outward flow of
vapor and the inward flow of liquid at the bubbly layer—
core interface. This is reasonable based on the
supposition that liquid entering the bubbly layer may
be taken as eventually reaching the wall. This implies
that the interstices between the bubbly layer are filled
with turbulent liquid and that this turbulence level is
enhanced by the presence of the bubbles and the boiling
process. The critical turbulent transport rate then
appears at the edge of the bubbly layer where the liquid
turbulence enhancement is substantially below that
found within the layer.
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3. MATHEMATICAL FORMULATION OF MODEL

The bubbly layer at the critical heat flux location,
Zeyr is shown schematically in Fig. 1. For flow of
suspended particles or bubbles, Lee and Durst [24]
have pointed out that the region occupied by the high
concentration of bubbles or suspended particles
corresponds to the region adjacent to the wall where the
size of the turbulent eddiesissosmall that theeddies are
unable to move the particles or bubbles. Particles or
bubbles in this region move as if in laminar flow. Lee
and Durst [24] suggested that a fully complete
description of the behavior would require the use of a
wall region, buffer region and core region. However,
theyalso noted that the buffer regionis verynarrowand
that adequate modeling could be obtained by use of
only a wall and core region. We shall follow this
suggestion.

While the concentration of bubbles changes sharply
in the buffer region and probably in the region very
close to the wall, visual observations appear to indicate
little change in bubble concentration within the bulk of
the bubble layer. We shall therefore assume that the
qualityin the bubblylayer may betakenasaconstantat
the average value, x,.

In addition to the axial flow in and out of the bubbly
layer control volume, there is radial interchange
between the bubbly layer and the core region. If ri;
represents the total flow rate from core to bubbly layer
and iy the total flow rate from bubbly layer to core,
then the total mass balance on the bubbly layer is
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F1G. 1. Schematic diagram of transport between core and
bubbly layer.
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written as

thy = Any +niy. (1)
A mass balance on the liquid in the bubbly layer yields
v(2nr)A
iy(l—x,) = w — tiy(Axs)
fg

+Am,y(1 —x,)+my(l—x;5) (2)

when second order terms are ignored.
By combining these mass balances we obtain

qy(2nr)Az
hg

We may rewrite this by replacing m; by G; =2n
(ro—s)Az and then dividing by 2n{r,—s)Az and obtain

_ q_{; ro \ 1, éfi
Galxp—xy) = hg, (ro—s> 2n(ry—s) ( Az ) @

Hiy(xy —x;) = —iy(Ax,). 3)

We simplify this by recognizing that theratio ( fo ) is .
Fog—S

close to unity and by assuming that CHF conditions of
the term {[11,/27(ro — 5)]1(Ax,/Az)} are negligible. This
latter assumption will be justified subsequently. We
then have

"
Uis
hfg

&)

Gi(x;—x) =

Further, we make use of the current view [25] that

"o_ o0 (hl _ hld)

=q—- 6
=T G hy ©
and then write in dimensionless form
” I_I
LT (e, Q

hegGs (he—hyy) -

From our basic postulates, the heat flux, ¢”, evaluated
from equation (7), becomes the critical heat flux when
X, corresponds to the critical void fraction.

The critical void fraction was determined by
estimating the maximum void fraction at which
separate bubbles could be maintained in the bubbly
layer. Examination of a limited number of photographs
of the bubbly layer [26, 27] indicated that the bubbles
are approximately ellipsoidal with theratio of long and
short ellipse axis being about 3:1. It was therefore
postulated that the maximum void fraction was
obtained when the bubbly layer was filled with such
bubbles which were just touching. An infinite array of
suchbubbles wasfound tocorrespond toa void fraction
of 0.82. The value of x, was computed from this & with
the assumption that vapor slip was negligible. This
latter assumption is believed to be reasonable at the
high mass flow rates to which this study was restricted
(G=315x108kgm~2h~Y),

The fluid enthalpy at the detachment point was
evaluated using Levy’s model [ 25, 28]. The critical heat
flux could then be evaluated for values of x, and h,
correspondingto particular tests once anexpression for
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G,, the mass flow rate from core to bubbly layer, was
developed.

4. TURBULENT TRANSPORT BETWEEN
CORE AND BUBBLY LAYER

The evaluation of mass flow between the core and
bubbly layeris based on anestimation of the magnitude
offluctuating radial velocity components at the bubbly
layer—core interface. Several investigators have noted
the effect of the presence of bubbles in increasing
turbulence. Michiyoshi [29] makes the assumption
that the eddy diffusivity of a two-phase bubbly mixture
can be obtained as the product of the single phase eddy
diffusivity at the given location in the tube and a
multiplier based on liquid and vapor properties. We
proceed similarly.

Laufer’s [30] measurements of turbulent radial
velocity fluctuations in round tubes are widely
accepted. Recently, Lee and Durst [24] pointed out
that the ratio [(v')>"*/UJ/l./ro) does not depend on
Reynolds number and can be considered to be only a
function of (r/r,). As may be seen in Fig. 2, the
relationship (dotted line)

[0)? /U IMefro) = 2.9(ro/y)** ®)
where y = r,—r, is a good approximation of Durst’s
curve (solid line). With the assumption that the ratio of
two-phase to single phase turbulent intensity is
independent of radial position we have

U:zllz To 0.4 le
(o))" ()

By making use of generally accepted relationship
stating

©®

I, =04y

12172 0.6

14 y
=L16F,(=]) .

U, (r)

From the definition of U, and the variation of f* with
Reynolds number in the turbulent region, we obtain

u - 122G (0046Re”2\'2G
\2) 5 2 i

= (0.023)!/?Re~0! (%) (12)

(10)

‘we have

(11

By use of the foregoing expression for U, in equation

(11) we get
v 0176 —— (i>o.6
G P ro

(13)

In developing equation (13), we made the tacit
assumption that the two-phase mixture could be
treated as a homogenecous fluid. Frictional losses were
then obtained as if the mixture were a homogeneous
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F1G. 2. Single phase radial velocity fluctuations as function of position.

fluid with an average fluid density, p. This latter
assumption is in general accord with observations of

~ two-phase pressure drop at the high mass velocities to
which the current development is restricted.

The assumptions made require that the turbulent
interchange be evaluated at the core-bubbly layer
interface. To determine the location of the bubbly
layer—core interface, we rely on Lee and Durst’s [24]
postulate that the bubbly layer terminates when the
eddy size is significantly larger than the bubble
diameter, D,,. If we take the PrandtI mixinglength asan
index of eddy size and assume that the Prandtl mixing
length in a two-phase mixture is (F,l), then the
turbulent intensity must be evaluated at adistancefrom
the wall where

Fyl, = kD, (14)

Hence, by using equation (10) we have that y,, the
distance from the wall at which the bubbly layer—core
interface occurs, is

¥e = (kD,)/(0.4 F»). (15)

We determine the turbulent intensity at the core—
bubblylayerinterface by replacing yinequation (13) by

IMT 26:10-D

y.. This yields

—Fi2 E B L —o1 L 0.6 & 0.6= .

20(2) s Yoo (L (2 -
(16)

To obtain the turbulent velocity fluctuations from
the foregoing radial turbulent intensity at the interface,
we assume that the turbulent velocity fluctuations are
normally distributed. This is reasonable since they are
produced by a large number of random effects. This
assumption was also made by McKelvey [31] who
successfully computed mass transfer rates via turbulent
velocity fluctuations at an interface. Since the velocity
fluctuation has a mean, ¢’, of zero we have

N [1 v)]
S =20, P~ 5(07 '

Fromanylarge sample of N experimental observations
we would estimate o2 from

(17

N N
X PNCHE

2 | (52 = =2
N @) N v: (18)

Oy =
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Hence

212
O, =10

(19
and we may evaluate g, from equation (16). That is,

oy = (G/p)i. (20)
Scriven [32] has shown how gross flowaway from an
interface can retard heat and mass transfer at that
interface. The flow reduces the turbulent diffusion
towards the interface as it prevents small size velocity
fluctuations from reaching the wall. If we assume that
the quantity of vapor generated in the bubbly layer
which remains in the bubbly layer is small and
essentially all the vapor generated flows into the core,
then vy; = qi/p.h, is the average velocity at which
vapor is flowing away from the wall. Only those
velocity fluctuations which are larger than vy, and
which are directed towards the heated wall, can
penetrate to the interface. Quantitatively

Gy = ﬁr (' —v1) /() do. @1

Pei [36] shows that the integral can be expressed as

® 9 Ndp = 1 I(le)z
.[;” (V' =0y )f(V)dv =0, (\/Tn)cxp— 2 0_.,'

L{vyy l v, }
- = fol — = ap.
2(%') erfc <J2 . gy, (22)
By combining equations (20)—(22) we have
G; = GYiy,. (23)

The basic predictive equation [equation (7)] may now
be rewritten in more convenient form,

g (h—hy
hey G \Jp—hyy

To proceed further it is necessary to develop an
expression for(F,/F3®)in order toevaluate,. Itis to be
expected that F,, which represents the effect of bubble
motion on turbulent intensity will be the most
significant factor. Indeed, the factor F,, representing
the effect of bubble motion on mixing length, may be
unity. Correlations of the effect of bubble motion on
turbulent intensity are not available although several
investigators [33-35] have proposed expressions for
the effect of bubble motion on the eddy diffusivity.
Serizawa et al. [35] correlated their measurements of
theratio of two-phasetosingle-phase eddy diffusivityin
the turbulent core in terms of the Lockhart-Martinelli
modulus, X, which is itsclf a function of quality, gas—
liquid density ratioand gas-liquid viscosity ratio. In the
present case, a preliminary examination of the data
indicated that the ratio (p,/p)) was the dominant factor
the turbulent intensity enhancement. For simplicity,
the ratio (F/F,) was assumed to be in the form

v -[rss252)

) = (oxp —x )i (29)

(25a)
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and hence

0.6 _
iy = 0.462Re-°-1(k)°-6(ﬂ 1+4(M .
D Pe

(25b}

Note that at the critical pressure the ratio F,/F3-¢
would equal unity. The values of both a and k were
determined by an empirical fit of experimental CHF
data.

5. CALCULATION OF BUBBLE DIAMETER,
BUBBLE DETACHMENT POINT,
SUBCOOLED QUALITY AND CHF

Final 'evaluation of the critical heat flux requires
values for the average bubble diameter and average
quality and density. The bubble diameter was
evaluated using Levy’s [28] model which balances
buoyancy and drag forces against surface tension. At
the high velocities of currentinterest, buoyantforces are
negligible and the bubble diameter may be written as

[36]
8pg.oD, \'"?
D, = 0.015(%2—“—) ‘
Over the range of conditions examined, bubble
diameters ranged from 0.001 to 0.005 cm.

Since most of the low quality critical heat flux data is
in the subcooled boiling range, an appropriate model
for subcooled quality is required. Lahey’s [37]
subcooled boiling model was chosen as best
representing the current state of the art. Lahey’s
approach, as well as the estimation of gy, requires the
determination of the enthalpy at which bubble
detachment begins. Recent tests by Edelman and Elias
[38] indicate that both the Saha and Zuber [39] and
Levy [28] models are adequate for this purpose. The
Levy [28] model was chosen on the basis that it had a
phenomenological base.

Aniterative procedure is required for computing the
predicted value of ghng since the functiony,onthe RHS
of the predictive equation {equation (24)] depends on
q". A value for ¢” is assumed and Levy’s [28] model is
usedtocalculate thelocation, zy,and the enthalpy h4, at
the bubble departure point. An iterative approach is
then used to calculate x,,, and i at the z¢y;, whichis at
the end of the tube (critical heat flux location for
uniformly heated tubes). The values of i and  are then
computed. By assuming «, =082 at zeyp, X, iS
evaluated at zgyp thus allowing x; and p; to be
determined at this evaluation.

After rearranging the predictive equation so that it is
written in the form

(26)

he—h
Gixe = hng(xz—x.)i,,w( ‘ “’), 27

h—hy,
the previously determined parameters are used to
determine the value of the RHS of equation (27). If the
assumed heat flux equals the value predicted by the
RHS within a preassigned tolerance, the procedure is
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terminated. If not, another value of ¢” is assumed and
the process repeated. The equations used in the
calculation procedure are summarized in Appendix 1.

6. COMPARISON OF PROPOSED PREDICTIVE
PROCEDURE WITH UNIFORM HEAT
FLUX WATER DATA

The proposed predictive procedure was compared to
slightly more than 1500 data points obtained with
water in uniformly heated round tubes. The data points
were obtained from refs. [40-53]. Only runs in which
the entering fluid was below the saturation enthalpy
and in which the exit fluid was subcooled or at a low
quality were considered. The range of parameters
considered were:

P 20-205 bars,

G 35%10°~49x10°kgm~2h~},
L 0.35-360 cm,

D 0.115-3.75 cm,

oeyr < 0.6,

A high minimum mass velocity was selected so asnot to
depart greatly from the homogeneous flow assumption.
The maximum o examined was limited to 0.6 to assure
that annular flow would not be encountered. Tube
diameters examined were limited to what was believed
the range of interest. Pressure and test section length
ranges were set by the range of usable data available in
the reference sources chosen.

The first task was to determine the appropriate
values of a and k to be used in equation (25). It was
initially assumed that a constant value of a would be
satisfactory and a trial and error procedure was used to
locate the best values of a and k. In order to determine
the most satisfactory values of these parameters for
round tube water data, the quantity R was defined as

_ ‘predicted critical heat flux
" experimentally observed critical heat flux’

(28)

The values of a and k were varied so as to obtain a u(R)
of ~ 1.0 while minimizing 6{R). The best constant value
of a was found to be 0.135 and k to be 2.28. However,
although a reasonable correlation was obtained, a
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comparison of predictions and observations showed
that the degree of agreement depended on the flow rate.
This is not surprising since it is to be expected that the
relative contribution of bubble motion to the total
turbulence level will decrease as the mass velocity is
increased. A trial and error procedure was again used to
locate the exponent and multiplier for G which
minimized the o(R) value maintaining p(R) ~ 1.0. It
was found that

ib = (GD/“AVg)-O'I(Dp/D)OAGEI +a(pl—pg)/pg]

a=0.135 G<97x10%kgh 'm™2

a=0.135(G/9.7 x 108703, (29)
provided the best fit. The value of k changed slightly to
24. .

To evaluate the accuracy of the final correlation the
values of ¢(R) and p(R) for the proposed correlation
were compared with ¢(R) and p(R) for two well known
empirical correlations. The so called W-3 correlation
due to Tong [54] was selected since it is generally
regarded as providing one of the best representations of
round tube data within its range. The CISE correlation
due to Bertolleti et al. [56] was chosen because the wide
parameter range over which it is applicable and the fact
that it has been found useful in rod bundles. The upper
hall of Table 1 compares the three correlations for only
those round tube uniformily heated test section data
pointsfalling withinthe range of parameters over which
the V-3 correlation is valid. It may be seen that the
present correlation is considerably more accurate than
the CISE correlation and about as accurate as the
W-3 correlation. It should be noted that the V-3
correlation requires 17 empirical constants while the
present correlation requires only three.

The lower half of Table 1 compares the three sets of
predictions for all of the uniformly heated round tube
test section data points examined. Although the
accuracy of the present approach is lower than it was
within the limited parameter range previously
examined, the present correlation is clearly far superior
to the others. The accuracy of the -3 correlation

Table 1. Comparison of predictions and experimental data—water in uniformly
heated round tube

Number of

Prediction data points 1(R) a(R)

}V-3 correlation 406 0.989 0.059
(-3 range)

CISE correlation 406 1.012 0.118
(}/-3 range)

Present correlation 406 0.994 0.065
(-3 range)

W-3 correlation 1516 1.131 0.570

CISE correlation 1516 0946 0.178

Present correlation 1516 0.9995 0.099
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deteriorates very badly once its allowable parameter
range is exceeded.

Figure 3 provides a visual comparison of predicted
and observed critical heat fluxes for uniformly heated
test sections using water. In view of the difficulty of
showing 1500 points on a single plot, only one out of
each ten points examined is plotted. A random number
generator was used to assure that points shown were
selected in a random manner.

7. SENSITIVITY OF PREDICTIONS
TO ASSUMPTIONS MADE

Inderiving the proposed model, several assumptions
were made which require further justification. For
example, we assumed that in equation (4) the ratio
[ro/(ro—s)] could be taken as unity. Since the value of
k has been determined and the bubbly layer thickness
can be estimated. Over 200 runs were randomly
sclected from among those examined and values of s at
the CHF point determined. Revised critical heat flux
prediction were calculated by incorporating theratio in
the predictive equation. In all cases the variation in
CHF prediction was less than 0.7% and the assumption
made is therefore justified.

q
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Insimplifying the mass balance of equation (4),it was
also assumed that the term

1, Ax,
2n(ro—s) \ Az

could be neglected. This assumption was initially
evaluated by writing a computer program which
calculated the value of 1, and x, in a stepwise fashion
along the channel. The energy and mass balances used
were the same as those for the CHF location except that
x, was computed from the value at the previous length
stepand thechangeinx, inthelength stepexamined. In
this calculation the conservative assumption (con-
servative in that it over estimated the effect of omitted
term) was made that the velocity in the bubbly layer
cqualed the linear velocity in the core. For the several
cases examined, the values of

Ax,

Az
were found to be negligible. However, the procedure
was somewhat lengthy and its application to a large

number of cases seemed cumbersome. An approximate
expression for the value of this omitted term was found

m,
2n(re—s)

2
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F1G. 3. Comparison of predicted and observed critical heat fluxes in uniformly heated round tube sections
using water as coolant.
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to be

KAV, [Ax,\? 14 1
2n(ro—5)G; \ Az 2n(ro—3)Gy
AV, KA,V 3 A:
x| Ayp,—2% —.—22("72—3‘1)’*‘".ﬁ iz
Az ny m, |\ Az

}il( A‘xavg AZPZ ﬁ .
+[<ti1,) Az 1ty (2 =) Az =0 (30)

where
K= dpz/dx.

With the conservative assumption that the bubbly layer
velocity equals the velocity in the core, the results
obtained from equation (30), when the root cor-
responding to [—b—(b*—4ac)'/?/2a] was used, com-
pared well to the results of the stepwise calculation.
Equation (30) was then used to evaluate the effect of the
omitted term in 700 experimental runs. The error
produced in the CHF was almost always less than 1%,

The effect of changes in the assumption that the
bubbly layer void fraction was 0.82 was examined.
When this value was varied from 0.79 to 0.85 and the
predictive equation adjusted so that u(R) ~ L0, very
little change in 6(R) was seen. However, the lowest 6(R)
coincided with «, = 0.82.

Since there is not general agreement on whether the
approach of Saha and Zuber [39] or Levy [28]
provides the best estimate of the enthalpy at bubble
detachment, both approaches were tried. The value of
H(R)wascloser to 1.0and o(R) lower with the Levy [28]
model than for the Saha-Zuber [39] model.

8. APPLICATION OF PREDICTION PROQCEDURE
TO NON-UNIFORMLY HEATED ROUND TUBES

At high exit qualities (annular flow regime) there is
agreement that the location of dryout is determined
primarily by the total heat input and test section length
rather than the local heat flux. Thus, Bertoletti et al.
[56] showed that data from rods with a non-uniform
axial flux shapes could be related to data from
uniformly heated tubes by using the “saturated length”
concept. The saturated length is defined as the distance
from the position of zero thermodynamic quality to the
point in question. Non-uniform and uniform heat flux
data, at the same mass velocity and pressure, have been
shown to fall on a single curve of g vs length when ¢! is
defined as the heat flux averaged over the saturated
Iength.

At low exit qualities there has been general
agreement that the CHF phenomenon is primarily a
local condition. However, in order to relate data from
non-uniformly heated rods to empirical correlations
developed for uniformly heated rods, a correction
factor is commonly employed. The usual approach is
due to Tong [9] who extended the -3 correlation to
non-uniformly heated channels by writing.

(1)

" o
gbxp.xu = doxpeu/F
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where
qpsxpnuy = DNB heat flux for the non-uniformly
heated channel,
qpxpeu = equivalent uniform DNB flux from V-3
correlation for uniform heat flux DNB
predictions,
C

F =
Giocail [ —€xp (— Clpxp pu)]
Ipnp,N
X J q"(z)exp[~Cllpxpn—2) dz, (32)
0

(1 —Xpap)*3!

C= O.ISTG/—I(WS—[m. 1, (33)
Ipxpey = axial location at which DNB occurs for
uniform heat flux [in.],
Ipxpn =  axial location at which DNB occurs for
non-uniform heat flux [in.],
xpng = quality at DNB location under non-

uniform heat flux conditions.

Tong has argued that there is a theoretical justification
for this approach since upstream heat flux distributions
affect the bubbly layer at the DNB position. Wilson et
al. [57] have used the same approach with essentially
the same expression for F with their own empirical
critical heat flux correlation. However, in adapting still
another uniform heat flux correlation to some non-
uniformly heated rod-bundle data, one investigator has
found that no correction factor was required [58].

If the present predictive approach is valid, it should
be applicable to non-uniformly heated round tube
CHF data which fall within the allowed parameter
range. The data of Bennettet al. [59] and Swenson et al.
[60] for round tubes with non-uniform axial heating
were taken as typical of the available data of this type.
These data were compared to predictions obtained
from the presently proposed approach (using the same
empirical coefficients found for uniformly heated tubes)
and the W-3 correlation [54] with the F factor
correction. All of these data which fell within the range
ofthe present approach were also within the -3 range.

To apply the present correlation to non-uniformly
heated tubes, a value of g7, is assumed and the local
heat flux determined as a function of length. The values
of xy, pq, by, (M — Iy} (he— hyy), iy, Y are determined as a
function of length using the appropriate local heat
fluxes. By using x, corresponding to a = 0.82 for the
axial locations downstream of the location of g7, the
predicted critical heat flux is determined from equation
(2). The DNB ratio (DNB ratio = predicted critical
heat flux/local heat flux) is then determined as a
function of length and the minimum value noted. If the
minimum DNB ratio does not equal one, then the value
of g1, is adjusted until the value is found at which the
minimum DNB ratio is one. The value of ¢.,,, so
obtained is then compared with the ¢, actually
observed at CHF conditions. Computations of the 1¥-3

predictions proceeded similarly with g7, being



1472

J. WeisMaN and B. S. Per

2
(Btu/ft -hr)

qmax.nresent correlation
& 5
4x10° 6x10° 8x10 10° 2x10°
6
6x10 | l A S
@ peak at center
— Apeak skewed to the inlet
mpeak skewed to the outlet
6 (@peak at center with thermal spike
4x1o ®q /g = 2.99, stepwise
max min
= a3.73, Stepwise
oQmax,qmln ! 108 -
o £
S ) -t
~ 5N
z —ax10” 2
.,. S
a -
x [ 58
@ 2x10 Jex1o®
s x
e X
i . x
-3
Lo @
4x105
10
5
8x 10
L ! { 1

q

max, present

6
2x10

[] 8
4x10 6x10

(wim?)
correlation

F1G. 4. Comparison of predicted and observed critical heat flux ; non-uniformly heated test sections (water at
68 and 136 bar).

adjusted until a minimum DNB ratio of one was
obtained.

The available data included experiments with 6
different flux distributions and at pressures of 68 and
136 bar. A visual comparison of the predictions and
observations are shown in Fig. 4. Tt may be seen that
observations and predictions compare well. The
statistical evaluation of these results and the 1V-3
predictions using the F factor (Table 2) indicate that the
present approach is only slightly less precise than the
V-3 correlation. The good agreement obtained with
the present predictive approach would appear to
sustain the view that, at low qualities, CHF is a Jocal
phenomenon.

Table 2. Comparison of axially non-uniform heat flux water
data with predictions

Number of
Correlation data points HR) o(R)
W-3 (with F factor) 35 1.061 0.083
Present prediction 35 1.046 0.104

9. PREDICTIONS OF CHF FOR
FLUIDS OTHER THAN WATER

Ifthe present predictiveapproach is soundly based, it
should be capable of providing reasonable CHF
predictions for fluids other than water without any
change in the empirical constants. The proposed
predictive method was therefore compared to
experimental datain theliterature which were obtained
with refrigerant 11 [61], refrigerant 113 [62], liquid
nitrogen [63] and anhydrous ammonia [64]. All data
were obtained with uniformly heated round tubes.

The results of this comparison are shown graphically
in Fig. 5 and the statistical comparison is givenin Table
3. Although the results are not as accurate as those
obtained with water, the comparison is stil quite good
considering the wide range in experimentally observed
critical heat fluxes.

10. CONCLUSION

A phenomenologically based prediction of critical
heat flux conditions, during flow boiling at high
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FIG. 5. Comparison of predicted and observed critical heat fluxes for several fluids (uniformly heated round
tubes).

velocities and low qualities has been developed. With
adjustment of only three empirical coefficients, the
predictions of uniformly heated round tube data are
nearly as accurate as those obtained from.the 1W-3
correlation [52] in the narrow W-3 range. The
predictive method can, however, be used well outside
the range of I¥-3 correlation with little loss in accuracy.
The present approach was considerably more accurate
thaneither the 1¥-3[54] or CISE [55] correlations over
the expanded range.

Table 3. Comparison of uniformly heated round tube data for
several fluids with predictions of present procedure

Number of

Fluid data points HR) a(R)
Freon 11 20 1.071 0.048
Freon 113 40 1.054 0.094
Liquid N, 50 1.302 0.098
Anhydrous ammonia 7 1.168 0.285
All non-water data 117 1.169 0.159
Water 1516 09995  0.099

The present approach is capable of accurately
predicting critical heat fluxes in axially non-uniformly
heated round tubes. No distribution correction factors
need be applied. This would appear to confirm the
supposition that, atlow qualities, the critical heat flux is
governed by local conditions. The requirement for the
use of distribution correction factors with some
empirical correlations may simply be due to the
empirical manner in which subcooling effects are
computed.

The ability of the present method to provide
reasonable predictions with fluids other than water is
believed to be a further validation of the approach. No
scalingfactorsarerequired. Particularly good accuracy
was obtained with refrigerants 11 and 113 which are
often used to evaluate the general effect of design
changes on critical heat fluxes. The present predictive
method should enhance such applications.

Further development of the present correlation
would be desirable. It would be useful to consider the
effect of vapor slip so that the lower mass velocity limit
could be decreased. In addition, the simple dependence
of the two-phase turbulent intensity multiplier on G



1474

alone needs to be re-examined. Replacing G by a
function of Reynolds number was tried without
satisfactory results.

Much of the current need for CHF prediction is
concerned with CHF behavior in rod bundles.
Although the applicability of the present approach to
rod bundle data has not been examined, it is believed
that this would be a worthwhile study. Leung and
Heriry [65] have shown that the CISE [55] round tube
correlation can be used for prediction of CHF in rod
bundles if appropriate local conditions are used with
the correlation. If we let R =(g¢éyr present
approach)/(qcyg, CISE), we find p(R) = 0.98 and o(R)
= (.12, for 150 randomly selected data points within
the -3 range. The agreement between the CISE
correlation and the present approach, and the ability of
the CISE correlation to predict rod bundle data,
implies that the present approach may be useful for
predicting rod bundle behavior.
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PREVISION DU FLUX THERMIQUE CRITIQUE DANS UN ECOULEMENT
AVEC EBULLITION A FAIBLE QUALITE

Résumé—Un calcul théorique du CHF est développé pour ’écoulement & grande vitesse dans les tubes.

L'échange turbulententrela couche chargée de bulles et larégion du coeur est pris comme mécanisme limitatif.

Unbonaccord est obtenu entreles prévisionset lesdonnées del'expérience pourI'eaus’écoulant dans des tubes

chauffés uniformément ou non. La procédure développée pour I'eau fournit aussi des résultats conformes &
I'expérience pour chacun des quatre autres fluides considérés.

VORAUSBERECHNUNG DER KRITISCHEN WARMESSTROMDICHTE BEI
STROMUNGSSIEDEN UND GERINGEM DAMPFGEHALT

Zusammenfassung—Eine theoretische Methode zur Vorausberechnung der kritischen Warmestromdichte

fiir Hochgeschwindigkeitsstromung in Rohren wurde entwickelt. Der turbulente Austausch zwischen der

Blasenschicht und dem Kern wurde als bestimmender Mechanismus herangezogen. Gute Ubereinstimmung

wurdezwischen vorausberechneten und experimentellen Daten fiir Wasserin gleichméBig und ungleichméBig

beheizten Rohren festgestellt. Es zeigte sich, daB die fiir Wasser entwickelte Berechnungsmethode fiir vier

andere ebenfalls untersuchte Fluide Ergebnisse liefert, die in guter Ubereinstimmung mit den Experimenten
stehen,
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PACUET KPUTHYECKOTIO TEIJIOBOI'O NOTOKA AJ151 TEHEHUHI C KUNEHHEM
NMPH HH3KHX 3HAYEHHAX MAPOCOJEPXAHHA

Annoraunst —TeopeTHYCCKH PACCHHTAH KpHTHyeckHil Ten:aoroit notox (KTII) 2718 BHICOKOCKOPOCTHOTO

Teyenns B TpyOax. B kauecTse IMMHTHDYIOWEro MexaHi3Ma NPHHAT TypOyleHTubli obmen Mexay

Ny3bIpLKOBLIM C10€M M CCPaUCBHHHOMN vacTbio notoka. [loaydeHo xopoluee COOTBETCTBHE MEKay

PACYCTHBLIMH ¥ IKCNEPHMEHTAIBHBIMH JaMHBIMM 119 TeueHMs BOIbl B Tpybax ¢ oanopoauersm n

HEOJHOPOIHLIM HarpepoM. OOHapyxeHO, u4TO MeTOAMKA pacyeTa, NPHMEHEHHas 4T3 BOAL, JaeT

PE3YILTATHL, COTIACYIOUIHECS € IKCIEPHMEHTATHHBIMI TAHHBIMM, [10IY4CHHBIMYE LIS K& K0 13 YeTbIpex
JIpYrHX HCCIEI0BARHBIX KHIKOCTEIL.





