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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, Ini. J. Heut Mass Transfiv 26, 1463-1478 (1983), Weisman and 
Illeslamlou, Fusion Tech. 13,6X-659 (1988)]. Reasonably good predictions were obtained within the range 
of the model. It was also found that the Yang and Weisman [Itzt. J. Multiphuse 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 au~entation is the inser- 
tion of a twisted tape inside the tube carrying 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 [l, 21, 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 et al. [3, 41, could 
be extended to swirl Aow behavior. Successful appli- 
cation of this predictive procedure would provide fur- 
ther evidence that the Weisman rt al. 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. [S], Drizius et ul. 
[6] and Rosuel and Sourioux 173. Unfortunately, all 
of the Rosuel and Sourioux data were obtained at 
void fractions above the range of the Pei--Weisman 
[3] model. 

More recent Iow-pressure subcooled data, obtained 
for fusion reactor applications [8, 91, are also largely 
below the pressure range of Pei-Weisman model (for 

- 
i Present address : Primary Fluid Systems Department, 

KAERI, P.O. Box 7, Dae-Duk Danji, Taejon, Korea. 

water, P > 6.5 bar). Only one point from Inasaka 
ef nl. [S] could be considered. Additional data were 
obtained by Koski and Croessmann [IO] 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 [I l-l 61 contained enough information 
to allow analysis. Of those with sufficient information, 
only the data of Viskanta [Is] and Henkel er &. [16] 
had any significant number of points in the void frac- 
tion range ((a> < 0.8) of the Pei-Weisman model. 

The only twisted-tape CHF data for a fluid other 
than water were those of Staub [I 31 and Gambill and 
Bundy f17]. 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 [ 171 were within the void range of the 
Pei-We&man 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 [S, 6, 8, 18, 19]. Jensen [ZO] 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 phenomenologicai model of 
swirl flow behavior, development of such a model 
appeared appropriate. 

At the outset of this study, there appeared to be 
sufhcient swirl-flow CHF data to test a modi~cation 
of the Pei-Weisman model against water behavior, 
It appeared that some of the low-pressure data of 
refs. [5, 6, 81, and some of the high pressure data of 
refs. [15, 161, would provide a sufficient data base. 
However, no suitabte data for a fluid other than water 
was available. 
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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 Inconel600 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-l I3 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 2.2x 1Oh to 12x 1Oh kg mm* h-’ and 
inlet subcooling from 88 to 29C. Boiling heat transfer 
coeficients 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 ttun 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 1Oh and 9.8 x 10h kg me2 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 cn- 
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 

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

AT,,, = C’[q;$C”g,/g)] “J (2) 

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

AT,,, = C”‘(gJ9) ‘llh. (3) 

If we compare the values of AT,,, at an acceleration .9 
to the AT,,, observed when g = g,,, where g,, is the 
acceleration due to gravity, we have 

(ATs&l(AT&~, = (g,J~q) “6. (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’, geR, acting on the vapor 
bubbles generated at the heater surface, is given by 
the vector addition of the radial and gravitational 
acceleration. This yields 

.4eR = J@L +9L% 

The value of g;lo is determined from [24] 

(5) 

(6) 
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FIG. I. Comparison of CHF data in the prcscncr of D twisted tape with empty tube data. (a I 6’ = 9.45 
IO.35 x IO” kg m 2 II ’ : (h) G = 4.85 5.05 x 10’ kp m ’ 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. S(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 subcoolcd boiling curves approach the 
saturated boiling curves. However. the heat fluxes 
obtained at a given wall temperature were significantly 

above the fluxes obtained with an empty tube. 
The wall heat fluxes were computed from the test 

section 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. 151 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 bc acting as a fin and dissipating some 
heat. The tube would then be capable of dissipating 
more 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 

AN EMPTY TUBE 

OF CHF IN 

The modelling of the subcooled and low quality 
swirl flow behavior proposed herein is based on the 
phenomenological model of Weisman and Pei 131 and 
its subsequent extensions [4. 251. 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 where the 
eddy size has become large enough to influence rhc 
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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 

(h, -M 
G’(xl-x,) = qE/hf, = (h, _h,d) (q”lhr,). (7) 

In dimensionless form, this becomes 

(h, -h,d) 

The quantities x, and x2 represent the actual vapor 
qualities in the core region and bubbly layer, respec- 

tively, at CHF. The quality x2 corresponds to the 
maximum void fraction that is possible in a bubbly 
layer of independent, slightly distorted, ellipsoidal 
bubbles just prior to agglomeration (Q = 0.82). At 
high mass fluxes, x2 is related to CQ 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’ = Y&G, (9) 

where G is the total axial mass flux. The product i,,G 

represents the flux toward the wall in the absence 
of outward flow. The parameter ib, 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 

ib = 0.462(k’)06(Re)-o~‘(di,/D)0-6[1 +a@,--p&/p,], 

(10) 

where the empirical coefficients are given by 

a = a,, G<9.7x 106kgm-‘h-’ 

a = u,(G/9.7 x 10m6)-’ ‘G > 9.7 x IO6 kgh-’ mm2 

a, = 0.135, k’ = 2.5. 

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

- (1)(; I I/Q) erfc b1 l/(c,J(2))1. (11) 

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 tl > 0.64, x, in equa- 

tion (8) is replaced by (x,)~~, which is appropriately 

below x, In addition, it is necessary to increase ‘a’ 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 h, was close to the enthalpy of bubble 
detachment h,,. To avoid this difficulty, they com- 
puted CHF from a bubbly layer energy balance, 

,I 

qcHF = G%(h2-hl). (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 Y. 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 ‘a’ in 
the two-phase turbulent intensity multiplier. Upon 
closer examination, it was determined that, when Y ing 
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 : 

(GJpJ = 2.75 (ms-‘) (:Tj’ ($r16 



whcrc Ihe subscripl ‘St.‘ indicalcs properties ol‘~iltc~- 

at 20 (‘ and one bar and ‘I.,’ indicates the propcrtich 

of liquid being considered. The purameicr D, indicates 

a 2.54 cm diamctcr. The rcsutt is shown in Fig, 3(a). 

While there is significant scatter. all of the data IKN 

show the same trend. Although rhc WC duta wcrc 

taken at low mass Jluxes. the very to\+ surfxc tension 

of He toads to a IOU \illuc of (;, and hence the data 

roughly conform to she gcnerat trend. 

Gcneratty. good agrcctncnt hctwcn the r-cfrigcrant 

I I3 and water data was obtained using the following 

cxprcssion for ‘(I‘ 

(13, 

where u,, has the vatuc (0.135) used in cquatlon (IO). 
The results of this approach at-c shown in Fis. 3(h) 

where the ratio ofprcdictcd to observed heat HLIY. R. is 

plotted against the ratio (GIG‘,). At~hough the helium 

data still show apprcciabte scatlcr. they arc in the 

correct range. Equalion (14) was therefore used lo 

valt~es of G. the expressions IOI- 

towing equation (IO) wcrc iisccl. 

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 arc so small 

that the radial force acting on than at the bubbly 

layer edge is ncgligibtc in comparison with the forces 

imposed by the turbutcnt cddics. If this assumption is 

correct. CHF conditions with substantially subcoolcd 

liquid should be predicted by lhe XX~C modct used fat 

empty tubes providing both the bubble diameter and 

turbutenl intcnsily arc rc\iscd. 
Wcisnian and Pei [3] cornputcd the diameter of the 

bubbles in the bubbly taycr using Lay’s approach 

[28]. The bubble diarncter. r/,,. was obtained by a bal- 

ance bctwecn surface tension and frictional forccs 

when (; > 3.5 x IO” kg m ’ h and buoyant forces arc 

small in comparison * ith I‘riclional drop. For yurrlinf 

How. nc musl consider the radial force on jhc bubble\ 

produced by the swirl in addition to frictional drag. 

Ho~~ewx. the frictional drag and rnward centrifugal 

force at-c no1 in the same direction. II‘ we ignore the 

\ertioal buoyant force. the rcsuttant force is p~\cii 1~1 

rhc root mean square of the r;idiat and drag force\. 

By pt-occcding in ;I manner similar 10 that ~1‘ LID> 

(2X]. the force batancc for ;I hubhlc on the Malt ni lhc 

point of dcpai-till.2 ih : 

The lirsl term on the IelI rcpt-cscnth the inward radlai 

I’orcc with CC,,,~ being conipulcd \i;l cctuation (6). It ha> 

the same form as Levy’s buoyancy lerm but y,,,, 

rcptucca the accctcrulion of gxvilv. The wcc~nd tcrni _ 
on the tcft rcprescn& the I‘riclionat force and the rIflit 

hand tcrm rcprescnts thu surfax IcnGon l‘orci‘. t ‘pan 
combining constants and rearranging terms. wc ha\ c‘ 

i Ihi 

Since coiistants ha\c hccn conibinad in Lhc san1c illiltl- 

ncr 214 used by [28] and [Xi]. wc Lake CT, equal to 115 

precious vatuc and zct C‘, 21s equal LU rhc COllStilill 

found appropriate for the buoyancy term. WC lhcrc- 

fore have C’, = 0.01 S and C’. 2 0. I. 

The ncglcct of the buoyancy I’orcc in cctua~ion ( 15) 
is justified only as long as this force is small with 

respect to the friclional dwg. The higher friction I’ac- 

tars in tubes with twisted tapcs allows thix a,suniption 

to bc used over a wider \elocity range than was pos- 

sibtc in straight tubes. J&cd on the Wcisman and Pei 

tower velocity limit of 3.5 x IO” kg m ’ h il wii< 

cstimatcd that the approach taken here should hold 

down to flows of about 2.5 x IO” kg m ’ 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, &, at 
the bubbly layer edge is 

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

(18) 

if the two-phase enhancement factor [I +n(p, -p,)/p,] 
remains constant. The ratio was evaluated by: (a) 
noting that for a tape of negligible thickness the ratio 
(DP,,,~,,~/D~~,,~~,) is (1+2/n), (b) obtaining the value of 
(T,),,~~, via the empirical friction factor correlation of 
Manglik and Bergles [29] for tubes with a twisted tape. 
We then obtain the following : 

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 tllrbu~ent 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 (I@, 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 1(1,, the equilibrium diameter reported by 
Hinze [31], which is much larger than &. The value 
of & is computed from 

0.725 = [p:(P/?M)‘/(~~s;.~r~)]“~1J,. (20) 

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

dR =1 dLe-Kz:D’+dH(, _e-K2f”‘,) (21) 

where dt was computed from Levy’s bubble diameter 
equation [ZS] and d,, 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 radiaf velocity 
exceeds the r.m.s. turbulent ~u~tuat~ng velocity, 
p. 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 

__I 
(UT) = hJv’l. (22) 

The small size bubbles will follow Stokes law pro- 
viding the gravitational acceleration is replaced by the 
radial acceleration. Hence, 

or 

since the dH >> d,,, we may approximate dR by 
d,(l -e- Kz’D”) and hence 

The distance, z1 from the point of bubble release to 
where equation (25) is met is 

where (z+h, is the value of u7 from equation (23) with 
& replaced by dH . 

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

- 
J(F)/& = 3.51,/r,. (27) 

In the central region of the core. (&jr,,) is independent 
of Reynolds number and is approximately 0.2. After 
replacing ?.I: in terms of z,, we have for single phase 
conditions 

_-. 
JUG = 0.7&ip,). (28) 

By using the usual relationship between t and f;z, 
may be evaluated and the single-phase value of ,/u” 
can be determined. Yang and Weisman [22] concluded 
that the turbulent intensity, and hence 47, varied 
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with [ 1 + o(a,/0.82)’ ‘(p, - p,)/pJ. Since the actual 
void fraction. 2. 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 x ,T’ 
determined by equation (28). 

The value of ‘z determined from equations (37) and 

(29) defines the region which provides the vapor to 

the Buid which is in contact with the bubbly layer. 
That is. the effective quality, .Y,,,, of fluid in contact 
with the bubbly layer is 

x,.,1 = .I-, , ) - .s,, , 179) 

The value of OVA,, replaces .y, in CHF computation 
(equation (8)) with saturated boiling. 

COMPARISON Of PROPOSED MODEL WITH 

CHF DATA 

Previous use of the Weisman--Pei model and its 
nlodi~~~tions, together with the low flop studies ol 
this work, indicated that the model should bc rc- 
strictcd to the following range : 

When comparing the proposed model for swirl Row 
to available data. a slightly more restrictive rang wsi 

used. We require G > 2.5 x 10” kg m ’ h _! so that 
equation (15) is balid. Since use of the model at 
J > 0.64, required use of an empirical elective .Y, to 
account for a non-unif[~rm distribution of voids. it 
was decided to limit consideration to a cc 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. 161. In reviewing 
the data of Henkcl c~f rrl. [ 161. it was observed that at 
a given mass flux, there was a sudden drop (step 
decrease) in the C’HF as the quality was reduced. 

Henkcl ~‘f cii. [16] concluded that they had unstable 
flow conditions at low quality with their lower mass 
IIuxes. It was assumed that these data represented 
premature CH F and, hcncc, should not be considered. 
Table 1 indicates the range of parameters examined 

for each of the data sets. 

Before applying the modification dcvelopcd I’oI- 
swirl flow, the subcooled swirl-flow data were con- 
pared to the unaltered Weismari--iillcslarnloLl (ey~w 

tion f 121) prediction 141. for empty round tubes. A\ 

cypcctcd, the mean of the predictions was below the 
data ;~nd ;I wide scatter (r.m.\. error > lO”hj \%;l\ 
ohscrvcd. 

The subcooled CHF data were then compared tt~ 
the predictions using the W&man Illeslamlou li)r::i 
of‘ the prediction procedure (equation (12)) with the 
turbulent intensity modified for swirl flow in accord- 
ancc with the dcv~lopmctlt of the previous scct~x:. 

Since iho prediction procedure wa\ used for slightl) 
suhcoolcd data, the value of .v,. the non-equilibrium 
qunlit! in the core. was not set at zero hut c\aluntcd 
using the procedure of ~~e~snl~~~l and Pei 131. The 
rcsulis oi’ this comparison arc gibcn ln Tabic ?A. 
column A. It will be observed that jl( R) l’or the rcfrig- 
cl-ant I I3 data (p_,p, 2 0.04) ic xcry close to one. 
The value of ii(R) for Hugh prcssurc water data 
(0.1 < II_!‘~I, < 0.175) is somewhat below I while p(R) 
for the low pressure water data (0.0045 < /I+ 
< 0.0 IY) was well above 1 .O. 

In \ icw of the foregoing. it M as concluded that the 
dcnsii> r:ttio term, which multiplies the single phase 
turbulent intensity, necdcd to be rcviscd. Thcrc IS no 
reason to assume that this empirical factor rcmlins 
unchanged with swirl Row. For empty tuhcs this facto1 
takes the form ii i-u[(i), --i)V>8f~_ij with ‘0 h&g a 
function oi‘ mass vclocit). It was assu~ned that hy 

modifying this multiplier to i 1 t- ru[( pi -- pB);pJirj where 
‘c’ and ‘II’ are constants. the observed pressure cfI&x 
could be eliminated. It was found that. b> setting 
(’ 2. 1 5 ;Ind II = 0.9. a significantly improved cot-- 

relation could he obtained. The improved results arc 
shown in column N of Table ?A. The refrigerant I I3 
and high prersurc water data show /I(R) values clost 
IL> unity and a(R) in the range ofO.05 0.085. The low 
pressure water data. howcvcr, still shows considerable 
sc’tttcr. ‘ 

The ~rcdi~tions of the CWF data obtained undcj 
baturatcd boiling conditions were based on the orig- 
inal Pci W&man [l] model using 2~ turbulent inten- 
sity appropriately modified for the eflccts of swirl 
fl<~w _tnd with the revised two-phnsc mliltipii~r. The 
original Pei-Weisman model was chosen since it has 
received extensive validation for saturated boiling con- 

Yailg 
(present study) 

Gambill (‘1 <I/. 
Henkel ct nl. 
Drizius 
Viskanta 
Inasaka cf crl. 

_ 

RefrigefanI 

113 7.‘) 0.01 29 h.?.j - Water 6.6 37.5 0.52 0.9 14.x 44.2 3.3 -12.0 
Water 69.9 102.3 0.70 30 2.3 5.7 
Water 6.X 7.X 0.16 3.7 14.1 4.4 4.5 
Water 138 0.79 45,7 ?i IO 
Water 7.0 0.6 IO.0 i Y 

II 
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Table 2. Statistical evaluation of CHF predictions 

A-SubcooIed CHF, prediction A B c 

prediction with Prediction with 
original two-phase revised two-phase 

turbulent turbulent 
intensity intensity 

correction factor correction factor 

Prediction with 
revised two-phase 
correction factor 
& elimination of 
data with very 

high s&cooling 

Data description 

Water at low pressure 
(6.6-37.5 bar) 
Water at high 

pressure 
(69.9-I 38 bar) 
Refrigerant 113 

7.9 bar 

No. of data pts 

(Columns A & B) 
17 

(Column C) 14 

9 

29 

p(R) g(R) pi(R) g(R) !-J(R) c(R) 

1.12 0.30 1.10 0.29 1 .oo 0.18 

0.84 0.082 0.99 0.085 0.99 0.085 

0.97 0.052 0.99 0.049 0.99 0.049 

B---Saturated boiling CHF predictions 
-_._- 

No. of data 
Data description Pts I@) 

Water at high pressure 
(69.9-138 bar) 
Refrigerant 113 

(7.9 bar) 
All saturated 
boiling data 

__-._____ 

61 

12 

73 

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 _~r, the core fluid quality, due to 
the radial motion of the bubbles. As expected, the 
CHF conditions were underpredicted (p(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 (y(R) = 1.09). 

Predictions of the saturated boiling CHF data 
obtained using an x,*, determined using equation (29) 
and the developments of the previous section, were 
obtained for various values of the empirical constant 
‘h’. The best results were obtained with h = 2.5. With 
this value, good agreement was obtained between 
the predictions and the data (p(R) = 1.00 and 
c(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,/pl), y, z), 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 x < -0.3, predicted CHF values sub- 
stantially exceed the measured values. It would appear 
that the present model does not apply at these high 

-. 

1.01 0.092 

0.98 0.084 

1.00 0.091 

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 

FIG. 4. Compa~son of ex~rimental and predicted CHF 
values in presence of twisted tape-all data for xCHF > -0.3, 

G( > 0.64. 



EXTENSION OF MODEL TO PREDICTION OF 

NUCLEATE BOILING HEAT TRANSFER 

Yang and Wcisman [2] argued that. if the Wcis- 

Inan--1llesla33~lou [4] lhrmulation I’or suhcoolcd CHF 

ptcdiction is valid. the predictive approach should 

apply at heat fuxes somewhat below CHI;. Ii‘ this is 

so, equation (I 7) inay be used to compute the \~aluc 

of the bubbly layer cnthalpy. HoNcver. as noted prc- 

viously. they concluded that the two-phase multiplier 

effect would vary with tt3c bubbly layer void 1‘raction. 

They therefore described the turbulent intensity by 

where DC), the equivalent diameter. nnd KC,,, the Rcyn- 

olds number. are based on the empty tube diameter but 

d,, rcfcrs to conditions wit13 tl3c twist& tape. Once the 

boiling heat flux has been determined vi:3 an ttcraticc 

solution of equations (31) and t.13). together with the 
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relationship between t( 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. S(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 (II), (16) and (32) with tc2 = 0.82, c = 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. 
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