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Abstract—New critical heat flux (CHF) and boiling heat transfer data were obtained in the subcooled and
low quality regions using refrigerant 113. These data were obtained in a 0.61 cm round tube containing a
twisted tape having a twist ratio of 6.25. The new CHF data, plus water data from the literature, were
compared to a modified version of the CHF predictive model based on bubble crowding and coalescence
in the bubbly layer [Weisman and Pei, Int. J. Heat Mass Transfer 26, 14631478 (1983), Weisman and
lleslamlou, Fusion Tech. 13, 654-659 (1988)]. Reasonably good predictions were obtained within the range
of the model. It was also found that the Yang and Weisman [Jnr. J. Multiphase Flow 17, 77-94 (1991)]
extension of the CHF model to boiling heat transfer held for swirling flow.

INTRODUCTION

Devices which can augment heat transfer are now
finding application in a variety of situations. One
approach to heat transfer augmentation is the inser-
tion of a twisted tape inside the tube cdrrying the
coolant. This device is particularly useful in boiling
heat transfer where the swirling flow produced by the
tape leads to a substantial increase in CHF. In view
of the interest in using subcooled boiling in tubes for
cooling of fusion reactor components {1, 2, it was
believed that a further investigation of this phenom-
enon would be useful.

In addition to providing insight into swirl flow
behavior, we wished to determine whether the CHF
prediction procedure of Weisman ez al. [3, 4], could
be extended to swirl flow behavior. Successful appli-
cation of this predictive procedure would provide fur-
ther evidence that the Weisman ef ol. model appro-
priately describes flow-boiling CHF at subcooled and
low-quality conditions.

PREVIOUS CHF STUDIES USING INTERNAL
TWISTED TAPES

Swirl flow critical heat flux data with low pressures
were first obtained by Gambill et al. {5}, Drizius et al.
[6] and Rosuel and Sourioux [7]. Unfortunately, all
of the Rosuel and Sourioux data were obtained at
void fractions above the range of the Pei-Weisman
[3] model.

More recent low-pressure subcooled data, obtained
for fusion reactor applications 8, 9], are also largely
below the pressure range of Pei-Weisman model (for
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water, £ > 6.5 bar). Only one point from Inasaka
et al. [8] could be considered. Additional data were
obtained by Koski and Croessmann [10] but only one
side of the tube was heated and therefore these data
were deemed unsuitable.

Critical heat flux data were obtained at elevated
pressures by a number of investigators but only some
of these studies [11-16] contained enough information
to allow analysis. Of those with sufficient information,
only the data of Viskanta [15] and Henkel ¢z /. [16]
had any significant number of points in the void frac-
tion range ({2 < 0.8) of the Pei-Weisman model.

The only twisted-tape CHF data for a fluid other
than water were those of Staub {13} and Gambill and
Bundy [17]. However, all of Staub’s R-22 data were
at void-fractions above the range of the Pei-Weisman
model. Although the ethylene glycol data of Gambill
and Bundy [17] were within the void range of the
Pei-Weisman model, the basic model had never been
shown applicable to ethylene glycol. Therefore, these
data were not considered useful for present purposes.

Empirical correlations for subcooled or low quality
twisted-tape CHF have been developed by several
investigators [5, 6, 8, 18, 19]. Jensen [20] appears to
be the only investigator who devised a general cor-
relation for twisted-tape CHF for flow with significant
exit qualities. Since none of the previous correlations
were based in on a real phenomenological model of
swirl flow behavior, development of such a model
appeared appropriate.

At the outset of this study, there appeared to be
sufficient swirl-flow CHF data to test a modification
of the Pei-Weisman model against water behavior,
It appeared that some of the low-pressure data of
refs. [5, 6, 8], and some of the high pressure data of
refs. {15, 16], would provide a sufficient data base.
However, no suitable data for a fluid other than water
was available.
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g. ¢, acceleration and gravitational
acccleration fms 7]

oo avccleration due to swirl [ms 7]

. gravitational conversion factor
[{mass-length); (force) (time)]

fy. By enthalpy of core fluid and bubbly
layer mixture, respectively [Tke ']

hy saturated liquid enthalpy [J kg ']

hy,  enthalpy change on evaporation [Jkg '}

M. By enthalpy of Hiquid and enthalpy of
ligguid at point of bubble detachment,
respectively [Jkg '}

i turbulent intensity at bubbly layer core
interface

k, K. K, constants

L test section fength [m]
/e Prandtl mixing length [m]}
M mass

P power [W]

Pr, Prandtl number for liquid phase

Py heated perimeter {m]

q", glar  total heat flux and CHF heat flux,
respectively [Wm 7]

qn heat flux effective in generating vapor
Wm Y

NOMENCLATURE

a 1wo phase multiplier in turbulent o heat flux based on entire test section
intensity equation length [W m 7

h empirical constant (set at 2.3) ror,  radial position and outer radius of tube.

e, specific heat [} kg ' K] respectively [m]

D tube diameter [m] R {predicted critical heat ux),

De cguivalent diameter, (4 x area/perimeter) (measured critical heat hux)
[m] Re Reynolds number. DGy,

D, 2 hydrauhc radius [m] l: frictional velocity [ms ]

. dy,  bubble diameter at departure and it terminal scttling velocity of bubble
from cquation (20). respectively [m} fms ')

oy bubble diamcter computed from Levy's Uy radial velocity created by vapor
departure criterion [m] gencration, g/ (p i) [ms Y

dy average diameter of bubble after release ¢ radial fluctuating velocity and mean
into core fluid [m] value of v, respectively [ms ')

/ friction factor W ') rootl mean square value of ¢’

G total axial mass flux based on empty tube Xy, .\, average quality in core region and
arca fkgm s Y] bubbly layer, respectively

G’ lateral mass velocity from core to bubbly N Voo core quality computed at
laver due o turbulence [kgm s '] distance £ and (/. — 73 [rom entrance.

G, mass velocity at which dispersed flow respectively
oceurs [kem “s ] v (axial distance for 180 twist); D

- axial distance from point of bubble
release [m].

Greek symbols

% %2 average void [raction in core und bubbly
luyer, respectively

> average void {raction (across catire cross
section)

AT, wall temperaturc-saturation temperature
K] |

Wiy Mo viscosity of liquid and mixiure,
respectively [kgm s ']

w(Ry mean valuc of R

e liquid density at bulk temperature

[kem - i
e vapor density [kgm ‘
I average density ol fluid [kgm 7| ;
a surface tension [Nm '} !
a, standard deviation of . (G,

a(Ry standard deviation of R

T shear stress at wall [Nm ) ;
‘Y parameter defined by equation (11}

. : i
) angular velocity [rads . i

TEST AND ANALYSIS PROGRAM

To obtain swirl-flow boiling heat transfer and CHF
data with a fluid other than water, experiments were
conducted using the University of Cincinnali's boiling
refrigerant loop. This apparatus was described pre-
viously by Crawf{ord ¢t al. [21]. Further. the apparatus
modifications and procedures used to gather boiling

and CHF data were described in some detail by Yang
and Weisman [22].

The heat transfer test section, heated by direct
passage of AC current. provided a uniform heat
flux in the test region. It was basically the same
as used for previous tests and consisted of a
42 cm length of Inconcl 600 tubing which origin-
ally had an o.d. of .95 cm (3:87) and an id. of
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0.62 cm. The central 29 cm of the test section had its
outer diameter machined down to 0.72 cm, giving a
wall thickness of 0.051 cm. The tube was welded to
an Inconel 600 flange at both ends. Current-carrying
cables were attached to Inconel tabs which were part
of the flanges. The flanges were insulated from the
loop.

Tests were conducted using R-113 at a pressure of
0.79 MPa. This pressure was used as it was within the
capabilities of the circulating loop yet sufficiently high
so that substantial inlet subcooling could be obtained.
CHF values were determined as a function of mass
flux and inlet subcooling. Mass fluxes ranged from
approximately 2.2 x 10° to 12x10° kg m~? h~' and
inlet subcooling from 88 to 29°C. Boiling heat transfer
coeflicients were determined over a similar range.
Measurement uncertainties may be obtained from
Yang [23].

The present experiments were preceded by CHF
and boiling heat transfer tests carried out in round
tube test sections without any inserts [22]. The good
agreement of the empty tube data with predictions in
the dispersed flow region indicated the adequacy of
the experimental arrangement. In the present study,
the test section contained a 0.13 mm thick nichrome
tape twisted so that a 180 degree turn was made
every 3.8 cm. Hence, the twist ratio, y, for this test is
6.25. The tape width was such that the tape fitted
tightly against the tube walls.

As the nichrome tape was in direct contact with the
electrically-heated tube, some current must have been
carried by the tape. However, since the cross sectional
area of the tape was very much smaller than that
of the tube, and the Nichrome had a slightly higher
resistivity than the Inconel, only a small fraction of the
total current was carried by the tape. Computations
indicated that the tape current was less than 5% of
the total current.

Boiling heat transfer experiments were conducted
by setting the pressure and inlet temperature and then
gradually increasing the heat flux in a stepwise
manner. The test section temperature was determined
by reading the upper thermocouple on the outer wall
of the test section. A signal conditioner removed the
AC portion of the thermocouple signal and amplified
the DC output so that it could be read on a digital
voltmeter. The inner wall temperature was determined
by subtracting the calculated temperature difference
across the tube wall.

Critical heat flux measurements were conducted in
a similar manner. The heat flux was very slowly
increased until a rapid temperature rise in the exit
thermocouple indicated that the critical heat flux was
reached.

RESULTS OF EXPERIMENTAL PROGRAM

The critical heat flux tests resulted in 58 valid data
points at four different mass fluxes. A complete listing

of these data may be obtained from Yang [23]. The
most comprehensive data were taken at mass fluxes
of approximately 4.9 x 10° and 9.8 x 10° kgm > h~".
These data are plotted against the enthalpy of the fluid
at the CHF location in Figs. 1(a) and (b). Also shown
are the CHF data taken at the same velocities in the
empty-tube test section. As expected, the presence of
the twisted tape provides a significant enhancement
in the observed critical heat flux. The enhancement
appears to be somewhat greater at the highest en-
thalpies. The scatter seen is typical of CHF data.

The initial boiling heat transfer tests produced a
saturated mixture of vapor and liquid at the test sec-
tion exit. In contrast with the data previously obtained
with an empty tube [22], where a single saturated-
boiling curve was obtained, there appears to be a
separate saturated boiling curve for each mass flux
(see Fig. 2). Further, the curves all lie above the satu-
rated boiling curve obtained with the empty tube
(curve also shown in Fig. 2) as the mass flux is
decreased, the data tend toward the empty-tube curve,

The increased heat flux observed for a given wall
temperature is readily explainable by the effect of the
increased acceleration produced by swirling flow. If
we assume that the saturated flow boiling curve will
behave similarly to flow boiling in an empty tube,
data trends may be predicted using a pool boiling
correlation which includes gravitational accelera-
tion. The widely used pool! boiling correlation of
Rohsenow [24] has the form

C,AT,, g 9.0 "
-l o
rgfr, Hitpy g(p, Pg)

where C,, is a constant. For a given fluid and surface
at a fixed pressure,

AT, = C'lgn/(Cge /)] )

where C’ and C” are constants. At a given heat flux,
it follows that

AT = C"(gc/g)"". 3)

If we compare the values of AT, at an acceleration g
to the AT, observed when g = g,, where g, is the
acceleration due to gravity, we have

(ATS"“)g/(ATSM)ga = (go/9)"". (4)

The force acting on a bubble is the resultant of the
vertical gravitational force and the radial force due to
the swirling flow. Since acceleration is proportioned
to force, the effective ‘gravity’, g.s, acting on the vapor
bubbles generated at the heater surface, is given by
the vector addition of the radial and gravitational
acceleration. This yields

Gerr = \/(gaz‘:c +g(2)) (5)
The value of g, is determined from [24]
a6y o
gé\CC D ply -
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FiG. I. Comparison of CHF data in the presence of a twisted tape with empty tube data: (a) G =9.45
10.35x 10°kgm ™ h™': (b) G =485 5.05x 10°kgm *h ",

By using equations (4)-(6), the curves for the mass
fluxes used in Fig. 2 were determined using the empty
tube boiling curve for (AT,,),, at a given flux. These
predictions, shown in Fig. 2, are in good agreement
with the data.

The subcooled boiling data were obtained with both
inlet temperature and mass flux held constant. (See
Figs. 5(a) and (b) for typical data.) The subcooled
boiling curves show the same general trends as seen
in the previous studies in an empty tube [21]. Just as
in the earlier tests, the heat flux increases with both
increasing mass velocity and inlet subcooling for a
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FiG. 2. Saturated boiling heat transfer rates in the presence
of a twisted tape.

given wall temperature. As the exit liquid approaches
saturation, the subcooled boiling curves approach the
saturated boiling curves. However, the heat fluxes
obtained at a given wall temperaturc were significantly
above the fluxes obtained with an empty tube.

The wall heat fluxes were computed from the test
scction power without making any allowance for the
small current carried by the twisted tape. In part,
this was done because it was difficult to ascertain the
degree of electrical contact between the tube and the
tape and only an upper limit for the current carried
by the tape could be determined. Further, it appears
that previous investigators using electrically heated
walls also ignored [5, 6. 15] the tape current. CHF
data computed in this manner are therefore consistent
with the literature data. In addition. in any practical
application of twisted tapes in a heat exchanger, the
tape would be acting as a fin and dissipating some
heat. The tube would then be capable of dissipating
morc heat that computed using the actual CHF value
and the area of the tube alone. Since the total error
was clearly less than 5%, the approach was considered
acceptable.

PHENOMENOLOGICAL MODEL OF CHF IN
AN EMPTY TUBE

The modelling of the subcooled and low quality
swirl flow behavior proposed herein is based on the
phenomenological model of Weisman and Pei [3} and
its subsequent extensions [4. 25]. The model assumes
that the critical heat flux is governed by the behavior
of the bubbly layer adjacent to the heated surface. The
outer edge of the bubbly layer is located wherc the
eddy size has become large enough to influence the
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bubbles. It is assumed that the turbulent interchange
at the bubbly layer edge limits the rate of heat transfer.
Weisman and Pei [3] expressed the turbulent inter-
change at the bubbly layer edge in terms of a mass
balance which they wrote as
(hf - hld)

G'(xy—x)) = qg/hfg = m(q”/hfg)' (7N

In dimensionless form, this becomes

(he—hig)

& kg ®

q(/'./‘HF/(hng,) = (x3~—X,)

The quantities x, and x, represent the actual vapor
qualities in the core region and bubbly layer, respec-
tively, at CHF. The quality x, corresponds to the
maximum void fraction that is possible in a bubbly
layer of independent, slightly distorted, ellipsoidal
bubbles just prior to agglomeration (x, = 0.82). At
high mass fluxes, x, is related to o, by assuming homo-
geneous flow.

The quantity G, representing the mass flow rate
into the bubbly layer, is determined by the turbulent
velocity fluctuations at the bubbly layer edge. The
fraction of the turbulent velocity fluctuations which
reach the wall are those in which the velocity exceeds
the average vapor velocity away from the wall. At the
bubbly layer-core interface, the effective mass flux
toward the wall is

G’ = VY¥i,G, ()]

where G is the total axial mass flux. The product §,G
represents the flux toward the wall in the absence
of outward flow. The parameter #,, representing the
turbulent intensity at the bubbly layer—core interface,
is calculated as the product of the single-phase tur-
bulent intensity at the bubbly layer edge and a two-
phase enhancement factor. This results in

iy = 0.462(k") " (Re) ™" (dy/ D) *[1 + alp; — p,) 4],
(10

where the empirical coefficients are given by
a=ay G<97x10kgm~2h~'
a=ay(G/9.7x107%)" %3G >9.7x10°%kgh™'m~?
a, = 0.135, k' =2.5.

By assuming the velocity fluctuations are normally
distributed, the parameter ¥, which represents the
fraction of the velocity fluctuations effective in reach-
ing the wall, was found to be

1
¥ = exp[— 3 (vi1/0,)°]

J@n)
~ D /o,) exfelo /o, /@)L (1)

Ying and Weisman [25] examined higher qualities
and lower velocities than those originally considered.
They extended the model’s range by recognizing that,
at void fractions above 0.64, the quality of the core

fluid adjacent to the bubbly layer is below the core
average quality. Therefore, when a > 0.64, x, in equa-
tion (8) is replaced by (x,).q, which is appropriately
below x,. In addition, it is necessary to increase ‘@’ at
low mass velocities.

More recently, Weisman and Illeslamlou [4] con-
sidered the highly subcooled region where the original
predictive procedure tended to overpredict the avail-
able data somewhat. They concluded that the over-
predictions were the result of using equation (7) to
predict the boiling heat flux in a region where the
liquid enthalpy 4, was close to the enthalpy of bubble
detachment /. To avoid this difficulty, they com-
puted CHF from a bubbly layer energy balance,

géur = GWiy(h, —h)). (12)

The fraction of the total energy going to produce
vapor was obtained by simultaneous solution of the
energy balance (equation (12)) and a mass balance.
This allows determination of v,, and hence enables
the computation of W. With these revisions, they were
able to satisfactorily predict highly subcooled DNB
for water, refrigerant 113, and liquid nitrogen. They
suggested that this procedure should be used when-
ever the thermodynamic equilibrium quality is below
—0.12.

Before extending the previous model to swirl flow,
the refrigerant 113 data obtained in the empty tube
test section were reexamined. It was observed that,
while good predictions were obtained at higher mass
fluxes, predictions deviated from observations at the
lower mass fluxes. The deviation began where the low
velocity correction was applied to the parameter ‘4’ in
the two-phase turbulent intensity multiplier. Upon
closer examination, it was determined that, when Ying
and Weisman [25] obtained this correction, they only
had water and helium data to consider. On the basis
of these data, they suggested a correction based on
the velocity of the entering liquid. However, the avail-
able low velocity range refrigerant 113 data do not
appear to fit the previous pattern. An improved low
velocity correction for ‘a’ was therefore sought.

In correlating CHF data from horizontal tubes,
Wong et al. [26] corrected the prediction obtained at
mass fluxes below the onset of dispersed bubble flow
by an amount which depended on the ratio of the
observed mass flux to the mass flux at the onset of
dispersed flow, G.. To see whether this approach would
satisfactorily explain the observed behavior, R, the
ratio of predicted to measured CHF, was plotted vs
G/G.. These predictions were obtained with the par-
ameter 'a’ being held constant at the value of 0.135.
The value of G, is obtained from the criterion of
Weisman et al. [27]. In simplified form, this is

B [ ps 033 / p\ets
(Ge/p) = 2.75(ms )(P‘L> <E>

y &0.09 0'_,_0‘24 13)
He OsL
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where the subscript “SL” indicates properties of water
at 20°C and one bar and "L’ indicates the propertics
of liquid being considered. The parameter D, indicates
a 2.54 cm diameter. The result 1s shown in Fig. 3(a).
Whilc there is significant scatter. all of the data now
show the same trend. Although the He data were
taken at low mass fluxes. the very low surlace tension
of He leads to a low value of . and hence the data
roughly conform to the general trend.

Generally, good agreement between the refrigerant
113 and water data was obtained using the following
expression for "¢’

d=ay+ 151 —GIG)* —0.25(1 -GG
(14

where «, has the value (0.135) used in equation (10).
The results of this approach are shown in Fig. 3(b)
where the ratio of predicted to observed heat flux. R, is
plotted against the ratio (G/G.). Although the helium
data still show appreciable scatter, they are in the
correct range. Equation (14) was therefore used to
calculate ¢’ in the swirl flow analysis whenever
G < G.. At higher values of ¢, the expressions fol-
fowing equation (10) were uscd.

EXTENSION OF PHENOMENOLOGICAL
MODEL ANALYSES OF SWIRL FLOW CHF

The proposed model is based on the assumption
that the vapor bubbles in the bubbly layer are so small
that the radial force acting on them at the bubbly
layer edge is negligible in comparison with the forces
imposed by the turbuient eddics. If this assumption is
correct, CHF conditions with substantially subcooled
liquid should be predicted by the same model used lor
empty tubes providing both the bubble diameter and
turbulent intensity are revised.

Weisman and Pei [3] computed the diameter of the
bubbles in the bubbly layer using Levy’s approach
[28]. The bubble diameter. d,. was obtained by a bal-
ance between surface tension and frictional forces

when ¢ > 3.5x 10°kgm™ " h ' and buoyant forees are
small in comparison with frictional drag. For swirling
flow. we must consider the radial foree on the bubbles
produced by the swirl in addition to frictional drag.
However, the frictional drag and mward centritugal
tforce are not in the same direction. If we 1gnore the
vertical buoyant lorce. the resultant foree is given by
the root mean square ol the radial and drag forces.
By proceeding in a manner similar to that of Levy
[28]. the force balance for a bubble on the wall at the
point of departure is:

i

The first term on the lelt represents the inward radial
lorce with g, being computed via equation (6). It has
the same form as Levy's buoyancy term but g,.
replaces the acceleration of gravity. The second term
on the left represents the frictional force and the right

L Y 3
C, (m */)g)(/h -+
Y.

e

S N
(& D, o l { = (.

t15)

hand term represents the surlace tension force. Upon
combining constants and rearranging terms. we have
o

HC (G ) = p ] (r Dy

!
=

16}

Since constants have been combined in the same man-
ner as used by [28] and [25]. we take O equal to its
previous value and set €, as cqual to the constant
found appropriate for the buoyancy term. We there-
fore have ', = 0.015 and C, = 0.1.

The neglect of the buoyancy force in cquation (15)
is justified only as long as this force is small with
respect to the frictional drag. The higher friction lac-
tors in tubes with twisted tapes allows this assumption
to be used over a wider velocity range than was pos-
sible in straight tubes. Based on the Weisman and Pei
lower velocity limit of 3.5x10° kg m ~ h 7 it was
estimated that the approach taken here should hold
down to flows of about 2.5x 10°kgm ~h
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We shall assume that the turbulent intensity in a
tube containing a twisted tape follows the same gen-
eral relationship that holds in an empty round tube.
Weisman and Pei {3] showed, for an empty tube, i, at
the bubbly layer edge is

PN T AN AV B
"‘—K‘(<;N<”b‘”')<0e) A\ )T

an

Therefore, for a given mass flux and density, the ratio
of the turbulent intensity with swirling flow to that
1n an empty tube is

172 0.6 0.6
i” /l . ( zw‘swiri ) (db«swir! ) (De,empty>
bithempty & VT -5 T
Tw.cmply db‘cmply Dc.swirl

(18)

if the two-phase enhancement factor [1 +alp,—p.)/p,]
remains constant. The ratio was evaluated by: (a)
noting that for a tape of negligible thickness the ratio
(Deempy] Degin) is (14 2/n), (b) obtaining the value of
(To )swict Via the empirical friction factor correlation of
Manglik and Bergles [29] for tubes with a twisted tape.
We then obtain the following:

2752 12 2 0.725 dbg " 0.6
5 14+ = Lo
¥y n db‘empty

(19

If all of the foregoing assumptions hold, subcooled
CHF in the presence of twisted tapes should be
predicted by using the modified bubble diameter
and turbulent intensity along with the previously
developed prediction procedure. However, in satu-
rated boiling the effect of the swirling flow in reducing
the vapor fraction in the fluid adjacent to the bubble
layer must be considered.

The bubble diameters at departure from the wall,
computed via equation (16), for conditions typical of
the available swirl flow data were very small. In fact,
the bubble departure diameters were sufficiently small
so that the released bubbles would be carried with the
turbulent eddies. However, once the bubbles escape
into the core liquid, they may be expected to agglom-
erate and grow. Studies of bubbles in empty tubes
show that this agglomeration proceeds until the rate of
agglomeration and rate of breakup are in equilibrium.
Previous studies [30} indicate that the bubbles
approach dy, the equilibrium diameter reported by
Hinze [31], which is much larger than d,. The value
of dyy is computed from

0.725 = [p (PIM)*/(g.0")} el

s
lb”b,cmpty = (] +

(20)

In their study of the effect of boiling on flow
patterns, Weisman and Du {32] concluded that the
average diameter, dy, of bubbles released from a
heated surface increased with distance from the release
point. They concluded

dR - dLe——K:;D¢>+dH(I _eAK:;'f)v) (2})

where d; was computed from Levy’s bubble diameter
equation [28] and dy from equation (20). They sug-
gested that K = 0.035.

It is assumed that the bubbles released from the
heated surface grow in accordance with equation (21).
They are assumed to remain in the core fluid until
they have grown to a size such that the radial velocity
exceeds the rom.s. turbulent fluctuating velocity,
\/[v"2 . At that point, they are considered to be rapidly
carried to the center of the tube. The only bubbles in
the core region are therefore those which are small
enough to be carried by the turbulent eddies.

The foregoing postulates that bubbles move to the
tube center when

(ur) = b/ 0.
The small size bubbles will follow Stokes law pro-
viding the gravitational acceleration is replaced by the
radial acceleration. Hence,
W*(D2)(p—p)dn

SR Y 2
i85, Crdp

22

Uy =

23
or
24

since the d,, > d,. we may approximate dp by
d(1—e %7P%) and hence

EENI2
(é\'éﬁ__) — dﬂ (1 _ eKz;’De)'
T

¢ 2%

The distance, z, from the point of bubble release to
where equation (25) is met is

EEEN2
zz—%ln 1,.”_L byv
K dH C‘r

De N
-2 (V) g

()

where (uy)y is the value of u; from equation (23) with
dg replaced by dy. o

The turbulent fluctuating velocity \/ % in equation
(26) is evaluated in the central region of the tube. For
this region, Laufer’s data [33] indicate that

J@DIU, = 3.5Lr,.

In the central region of the core, (/./r,) is independent
of Reynolds number and is approximately 0.2. After
replacing U, in terms of ,,, we have for single phase
conditions

@7

VT =0T/ (28)

By using the usual relationship between t and f, 1,
may be evaluated and the single-phase value of \/ v
can be determined. Yang and Weisman [22] concluded
that the turbulent intensity, and hence \/ v"%, varied
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with [14a(2,/0.82)* (p,— p,)/p.). Since the actual
void fraction, «. in the region between the bubbly
layer and vapor core is believed to be quite low, no
two-phase correction was made to the value of |/ e
determined by equation (28).

The value of *z” determined from equations (27) and
(29) defines the region which provides the vapor to
the fluid which is in contact with the bubbly layer.
That is, the effective quality, x, of fluid in contact

with the bubbly layer is
29

Ner = Xy N o

The value of x; replaces x, in CHF computauon
(equation (8)) with saturated boiling.

COMPARISON OF PROPOSED MODEL WITH
CHF DATA

Previous use of the Weisman-Pei model and its

modifications, together with the low flow studies of

this work, indicated that the model should be re-
stricted to the following range:

0.0045 < (p,/p) €041 () <08
0115 <D< 375em 35< L €365em
0.3G. <G <144%x10°kgh 'm > —0.47 < x

When comparing the proposed model for swirl flow
1o available data, a slightly more restrictive range was
used. We require G > 2.5x10° kg m 2 h~' so that
cquation (15) is valid. Since use of the model at
2 > 0.64, required use of an empirical effective x, to
account for a non-uniform distribution of vouds, 1t
was decided to limit consideration to o < 0.64. The
void distribution behavior in an empty tube is cer-
tainly not applicable to swirl flow conditions.

Initially. only the CHF data at subcooled con-
ditions were considered [5, 6, 8, 15. 16]. In reviewing
the data of Henkel er af. [16]. it was observed that at
a given mass flux, there was a sudden drop (step
decrease} in the CHF as the quality was reduced.
Henkel e @f. [16] concluded that they had unstable
flow conditions at low quality with their lower mass
fluxes. It was assumed that these data represented
premature CHF and, hence, should not be considered.
Table } indicates the range of parameters examined
for each of the data sets.

Before applying the modification developed for
swirl flow, the subcooled swirl-flow data were com-
pared to the unaltered Weisman-Ileslamlou (equa-
tion {12)) prediction [4]. for empty round tubes. As
expected, the mean of the predictions was below the
data and a wide scatter (r.m.s. crror ~19%} wasg
observed.

The subcooled CHF data were then compared to
the predictions using the Weisman-flleslamlou form
of the prediction procedure (equation (12)) with the
turbujent intensity modified for swirl flow in accord-
ance with the development of the previous section.
Since the prediction procedure was used for slightly
subcooled data, the value of x,. the non-equilibrium
quality in the core, was not sct at zero but evaluated
using the procedure of Weisman and Pei {3]. The
results of this comparison are given in Table 2A.
column A, It will be observed that u( R) for the refrig-
crant 113 data (p,/p, = (.04) s very close 1o one.
The value of w(R) for high pressure water data
(0.1 < p,/p, < 0.175) is somewhat below 1 while u(R)
for 1he low pressure water data (0.0045 < p,/p,
< (.019) was well above 1.0.

In view of the foregoing, it was concluded that the
density ratio term, which multiplies the single phase
turbulent intensity, necded to be revised. There s no
reason lo assume that this empirical factor remains
unchanged with swirl flow. Forempty tubes this factor
takes the form {T4al(pi—p)ip )t with *@ being a
function of mass velocity. It was assumed that by
modifving y this multiplier to {1+ cal( pi— p,)/p.]"} where
¢ and ‘n" are constants, the observed pressure cffect
could be climinated. 1t was found that, by setting
c= 15 and 1= 0.9, a significantly improved cor-
relation could be obtained. The improved results are
shown in column B of Table 2A. The refrigerant 113
and high pressurc water data show u(R) values close
o unity and o(R) in the range of 0.05-0.085. The low
pressure water data, however, still shows considerable
scatter.

The predictions of the CHF data obtained under
saturated boiling conditions were based on the orig-
inal Pei-Weisman [1] model using a turbulent inten-
sity appropriately modified for the effects of swirl
flow and with the revised two-phase multiplier. The
original Pei-Weisman model was chosen since it has
received extensive validation for saturated boiling con-

Table 1. Parameter mnge‘z for swirl flow CHF dala

Total no.

Tube Test
Pressure diameter section ol usetul Mass flux
lnvestlgaiox Fluid (bar) {cm) length (em} v data pts  (kgm *h™'y
deg Refrigerant
(present study) 13 7.9 0.61 29 6.25 41 2202
Gambill et al. Water 6.6 37.5  0.52 09 14.8 -44.2 2.3-12.0 % 28-98 % 10°
Henkel er al. Water 69.9-102.3 0.70 30 2.3 5.7 40 8.4-129x 1y
Drizius Water 6.8 7.8 0.16 . 3.7-141 4445 S 49-69 x 10"
Viskanta Water 138 0.79 457 310 30 2.4-98 x 16°
Inasaka et al. 0.6 10.0 39 i 19 % 10"

Water
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Table 2. Statistical evaluation of CHF predictions

7

A—Subcooled CHF, prediction A

B

Prediction with
original two-phase

Prediction with
revised two-phase

C

Prediction with
revised two-phase
correction factor

turbulent turbulent & elimination of
intensity intensity data with very
correction factor correction factor high subcooling
Data description No. of data pts #R) a{R) u(R) a(R) w(R) a(R)
(Columns A & B)
Water at low pressure 17
(6.6-37.5 bar) {Column C) 14 .12 0.30 110 0.29 1.00 0.18
Water at high
pressure
{69.9-138 bar) 9 0.84 0.082 0.99 0.085 0.99 0.085
Refrigerant 113
7.9 bar 29 0.97 0.052 0.99 0.049 0.99 0.049
B-—Saturated boiling CHF predictions
No. of data
Data description pts HR) o(R)
Water at high pressure
(69.9-138 bar) 61 1.01 0.092
Refrigerant 113
(7.9 bar) 12 0.98 0.084
All saturated
boiling data 73 1.00 0.091

ditions while the validation of the revised Weisman—
Illeslamlou approach has been confined to sub-
cooled conditions. Initially, no allowance was made
for the reduction in x,, the core fluid quality, due to
the radial motion of the bubbles. As expected, the
CHF conditions were underpredicted (u(R) = 0.90).
To illustrate the opposite extreme, we then compared
the data to predictions with x, arbitrarily set to zero.
The expected overprediction of the CHF value was
obtained (u(R) = 1.09).

Predictions of the saturated boiling CHF data
obtained using an x4, determined using equation (29)
and the developments of the previous section, were
obtained for various values of the empirical constant
‘b’. The best results were obtained with b = 2.5, With
this value, good agreement was obtained between
the predictions and the data (u(R) = 1.00 and
o(R) = 0.085) for all of the saturated boiling data.
The statistical analysis of these data is given in Table
2B. The use of an effective core quality in CHF pre-
diction appears to be successful.

To see if there were any significant trends with
experimental conditions ‘R’ was plotted against a
number of parameters (exit quality, (p,/p). », D, L
and G). The only graph which showed a significant
trend was the plot of R vs exit quality. The data
scattered about a mean of one until high negative
qualities (large subcooling) are encountered. At
values of y < —0.3, predicted CHF values sub-
stantially exceed the measured values. It would appear
that the present model does not apply at these high

subcooling. If these very highly subcooled data points
are eliminated, the statistical evaluation of ‘R’ is ap-
preciably improved (see column C of Table 2A). The
excluded points are probably in the attached bubble
region where the present theory does not apply.
Figure 4 shows a parity plot of predicted CHF vs
measured CHF which includes both saturated boiling
CHF and subcooled CHF data. Data for CHF at
thermodynamic qualities below (—0.3) have been
omitted. As may be seen, the overall agreement
between experimental data and predictions is gen-
erally good. It may also be observed that 92% of the

10%; 7.

Predicted CHF (W/m?)

10

7 *Yang (R—113) Quolity Deto
427 #viskanto Quality Doto

& Henkel ef. ol. Quolly Dota.
& Viskanta Subcooied Dole
OYang {R-113) Subcooled Data.
O Henkel et ol. Subcooled Dota
@ ingsaka et al. Subcooled Dota
O Gombilt et. ol. Subcooled Dota
* Drizius et. al. Subcooled Dota

w0 w0 10
Experimental CHF (W/m?)

FiG. 4. Comparison of experimental and predicted CHF
values in presence of twisted tape—all data for yopr > —0.3,
o > 0.64.
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data lic within +20% of the prediction. Statistical
analysis. with all of the data considered as a single
group. yiclds g{(R) = 1.0 and o{R) = 0.097 or ar.m.s.
error of 9.7%. This compares quite favorably with
empirical corrclations of swirl flow CHF dJata. For
example, Jensen [20] states that his empirical cor-
relation showed an r.ms. crror of approximately
11.5% when compared to the quality CHF data avail-
able to him. In addition, the empirical corrclations
are restricted to being used with water only,

It was previously observed that the actual critical
heat flux values for the R-113 data were slightly below
those reported because a small current flowed through
the twisted tape. If the maximum possible current flow
1s assumed to flow in the tape. the value of Ry for
all the R-113 data would be increased from 099 10
1.04. The r.m.s. error for all data considered as a single
group would be slightly increased because of the small
rise in the overall mean.

EXTENSION OF MODEL TO PREDICTION OF
NUCLEATE BOILING HEAT TRANSFER

Yang and Weisman [2] argued that, if the Weis-
man-Hleslamlou [4] formulation for subcooled CHF
prediction is valid. the predictive approach should
apply at heat fluxes somewhat below CHF. It this is
s0, equation (12) may be used to compute the value
of the bubbly layer enthalpy. However, as noted pre-
viously. they concluded that the two-phasc multiplier
effect would vary with the bubbly layer void fraction.
They therefore described the turbulent intensity by

'i;) hXs
i = 0.462(k)"* Re (‘5)
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Once h- s determined from equation (12) using 4,
from cquation (30), then. F. the fraction of the heut
flux producing boiling, s obtained from the sim-
ultancous solution of cquation (12) and the bubbiy
fayer mass balance vielding

I'=qguq" = ]3,11(‘\‘: =N ) 3

The product (Fy¢") is then the boiling heat flux and
the predicted wall temperature s the temperature on
the saturated boiling curve corresponding to this heat
flux. By using this procedure. and with the empincal
exponent m = 2.5, Yang and Weisman [22] werc able
to get good agreement between their boiling refriger-
ant 113 data and the predictions in empty round tubes.
The same approach has been used to obtain a pre-
diction of the swirl flow subcooled boiling data
obtained in this study. However, the cquation for
has been modified to include the cffect of the twisted
tapes on the wall shear stress und to include the revised
two-phase correction factor. The equation becomes

2y

fn o= 0.462¢k)" " Re, ™! ( [

\

* { ;i’)m l] + (0;2} cd (MI’ ,13“:‘}

©

3

where De, the equivalent diameter. and Rey, the Reyn-
olds number, are based on the empty tube diameter but
dy, refers to conditions with the twisted tape. Once the
boiling heat flux has been determined via an iterative
solution of equations (31) and (32). together with the
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Fit. 5. Comparison of subcooled boiling heat transfer data with predictions (£ = 7.9 bar): (a) ellect of
inlet subcooling (G = 9.8 x 10° kg m? h™"); (b effect of mass flux (7, = 48.9° ().
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relationship between « and x, the wall temperature is
read from the saturated boiling curves of Fig. 2.

The results of the boiling heat transfer predictions
are compared to experimental data in Figs. 5(a) and
(b). The comparison is made only in the fully detached
bubble region since the present model is inapplicable
elsewhere. It will be observed that the predictions are
in reasonable agreement with the data. The effects of
both mass velocity and subcooling are satisfactorily
represented.

CONCLUSION

In summary, the data comparisons show that good
predictions of subcooled swirl-flow CHF are obtained
by using equation (12) with the parameters defined by
equations (11), (16) and (32) with a, =0.82, ¢ = 1.5
and n = 0.9. For quality flow, good CHF predictions
are obtained using equation (8) with x, defined via
equations (26), (28) and (29) and other parameters
determined as for subcooled flow.

The presently proposed phenomenological model
thus appears to provide a reasonable explanation for
CHF at subcooled and low quality conditions in the
presence of a twisted tape. The model is a natural
extension of the CHF model previously developed
for empty round tubes. With the exception of the
modification of the empirical two-phase correction
factor for the turbulent intensity, the modifications to
the model have been simply those theoretically based
changes needed to include the effects of swirling flow.
The extension of the CHF model to boiling heat trans-
fer in the detached bubble region, as proposed by
Yang and Weisman [22], also appears to hold.

Acknowledgement—The authors appreciate the assistance of
C. Qian in improving the prediction of empty-tube CHF
data taken in the lower velocity region.
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