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NOMENCLATURE 

nondimensional acceleration 
boiling number, q:dGH,, 
tube diameter [m] 
gravitational acceleration [m s-‘1 
mass velocity [kg mm2 s-i] 
enthalpy of inlet subcooling or quality 

CJ kg-‘1 
enthalpy of evaporation [J kg-‘] 
parameter for nonsaturated inlet conditions 
length [m] 
pressure [N m-‘1 
heat flux [W m-‘1 
axial velocity [m s-‘1 
quality 
tape-twist ratio (length for 180” twist/inside 
tube diameter). 

Greek symbol 

P density [kg mm3]. 

Subscripts 
cr critical 

:: 
vapor 
liquid 

S saturated 
tt twisted tape. 

INTRODUCTION 

TWISTED-TAPE swirl generators have been studied extensively 
for various two-phase flow conditions [l, 21, with the main 
emphasis being placed on determining the effect of twisted- 
tape inserts on the suppression of the critical heat flux (CHF) 
condition. Both subcooled and quality regime CHF data have 
been obtained with several fluids, fluid conditions and tape 
geometries [3-131. From the quality region studies, it is 
evident that the CHF can be raised significantly compared to a 
straight empty tube at the same local flow conditions and that 

the total power input to the tube can be about 1.2-2 times that 
of the smooth tube. This enhancement depends on the tape- 
twist ratio y (length for 180” twist/inside tube diameter), 
pressure level, quality, and mass velocity. Whalley [14] has 
shown that in the two-phase region because of centrifugal 
forces, the liquid film flow rate is increased with twisted tapes 
with the result being that the onset of the CHF condition is 
delayed. However, no correlations have been presented in the 
literature with which general predictions could be made for the 
quality region CHF with twisted-tape inserts. Thus, the 
present paper reports a new correlation with which 
predictions can be made for the CHF condition in the quality 
region over a wide range of flow conditions. 

ANALYSIS 

From the literature, many papers were found which 
addressed the CHF condition in the quality regime. However, 
only eight contained enough information to analyze the data 
in detail [3-lo]. These studies are listed in Table 1 with the 
geometry and flow conditions covered. As can be seen from 
this table, a very wide range ofconditions have been covered in 
these studies. Of these papers, only four had straight empty 
tube reference data [3,6-83. 

Reference data or predictions for the CHF in axial flow were 
required to evaluate and correlate the effect ofthe twisted-tape 
inserts. Four correlations (Thompson and Macbeth [15], 
Biasi et al. 1161, Groeneveld and Rousseau [17], and Katto 
[18-201) from the literature were tested against the axial flow 
reference data in refs. [3, 681. Both the local CHF and the 
overall power approaches were tried. Ofthese, the correlations 
suggested by Katto [18-201 predicted theaxialflow CHFdata 
the best when the inlet fluid conditions for the various data 
points were used with the tube geometry. Thus, the overall 
power input to the tube was predicted and not the CHF at the 
local fluid conditions (local quality, mass velocity, and 
pressure). Using the CHF correlations developed by Katto 
[18-201, the CHF for inlet flow conditions different than 

Table 1. Ranges of conditions for swirl flow data 

Ref. Fluid 
L 

(mm) 

D 

(mm) Y 

water 4877 
water 2000 
water 457 
R-22 1539 
water 1016 
water 1064 
water 280 
water 800 

10.16 15.00 
10.00 3.00 

8.00 2.50; 5.0 
10.16 16.25 
11.43 5.55 ; 34.50 
20.00 3.00; 6.00 

7.00 2.32; 5.71 
10.00 3.00 

(kN& (kgm”‘s-r) 

6900 12604600 
5070 76&1040 

13800 67&2700 
1310 510-1280 
7000 39G1150 

101 12&510 
7000; 10100 2300-3530 

6900 4480-5840 

X cr 

0.33-0.88 
0.814l.88 
0.014.53 
0.524.84 
0.740.95 
0.29-0.99 
0.01-0.23 
0.154.19 

No. of 
data 

points 

27 
37 
44 
11 
9 
6 

71 
2 
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saturation was calculated with 

Bo = Bo,( 1 + KAHJH,,) (1) 

where Bo, is the boiling number calculated for saturated inlet 
conditions and K is a parameter to account for nonsaturated 
conditions at the inlet. The parameters Bo, and K have 
different correlations depending on the CHF regime as 
identified by Katto. These correlations are listed in refs. [18- 
20]. In addition, various guidelines for the use of the 
correlations, particularly when the inlet condition is not a 
saturated fluid, are given. 
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A total of 66 axial flow data points were tabulated. (The 
axial and swirl flow data from Staub’s [6] Tables I and II show 
a discrepancy between the enthalpy gain of the fluid and the 
power dissipation in the tube. According to Katto [21] the 
correct data should be based on the enthalpy gain of the fluid. 
This correction was made to Staub’s data so that this data 
could be used.) The majority of the axial flow data fell in the H 
regime, with some in the HP regime. Comparing these data to 
the predictions, the average ratio of the predicted data to the 
experimental data was 0.962 and the average deviation 
between the experimental data and the predicted values was 
+10.4x. Because of this good agreement between the 
reference data and the predictions, Katto’s correlations were 
used as the reference against which all the twisted-tape data 
were compared. 
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NONDIMENSIONAL RADIAL ACCELERATION--a/g 

FIG. 1. Nondimensionalized CHF for twisted-tape swirl 
generators for a variety of flow conditions and geometries. 

calculated by 

As noted previously not all investigations provided enough 
information to analyze the twisted-tape data in detail. The 
data which were used were examined closely to eliminate those 
data which did not satisfy the inlet fluid conditions needed to 
use Katto’s correlations for predicting the axial flow CHF 
when using the inlet conditions from the twisted-tape data. 
(Only data with a critical quality greater than 0.01 were used.) 
In addition, Moeck et al. 173 found a decrease in the twisted- 
tape CHF below that of the axial flow CHF if the amount of 
liquid in the flow, G(1 -x), was less than approximately 80 kg 
m-*s-‘.This wasattributed to the tapecapturingsomeofthe 
liquid in the flow. These data were rejected, as were data from 
other investigations which met this conditon. The resulting 
207 data points were then evaluated. 

where the axial velocity V = G/p is evaluated using the 
homogeneous density. Thus, the radial acceleration increases 
with a tighter tape twist (smaller y), quality and mass velocity. 
The twisted-tape CHF (or critical power since all of these 
studies involved constant wall heat flux boundary conditions) 
was nondimensionalized by the CHF (or power) as calculated 
by Katto’s correlations when using the same geometry and 
inlet fluid conditions as the twisted-tapedata. As with the axial 
flow data, the majority of the data fell into the H regime, with 
some in the HP and N regimes. The nondimensional power 
ratio is plotted in Fig. 1 as a function of the nondimensional 
radial acceleration. The symbols used.ln Fig. 1 are identified in 
Table 2. 

RESULTS 

The main effect of the twisted tapes is to impart to the While there is considerable scatter in the data shown in Fig. 
flowing fluid a centrifugal acceleration. Liquid droplets 1, there does appear to be a consistent pattern in the data in 
entrained in the vapor flow are affected more than the vapor relation to the acceleration and density ratios. There generally 
and are centrifuged to the walls of the tube. With a change in is a shift in the data corresponding to the varying density ratio 
the difference between the liquid and vapor densities, one level. With increasing pressure the data shift toward the left 
would expect the effect of the centrifugal acceleration to and tend to show an increased gain in power. At any one 
change. The nondimensional centrifugal acceleration can be pressure level the data show an increasing CHF with 

Table 2. Legend for Figs. 1 and 2 

Ref.* PII& Y 

3 20.7 15.00 
4 30.6 3.00 
5 7.5 2.50 
5 7.5 5.00 
6 20.6 16.25 
7 20.3 5.55 
7 20.3 34.50 
8 1605.4 3.00 
8 1605.4 6.00 
9 20.3 2.32 
9 12.4 2.32 
9 20.3 5.71 
9 12.4 5.71 

10 20.7 3.00 

* Fluid used is water for all studies except in ref. [6] where 
the fluid is R-22. 

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 

kl” cr,dq”c,‘EXPERIMENTAL 

FIG. 2. Comparison between the experimental and calculated 
power gain with twisted tapes. 
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increasing acceleration. Note also the shift in the data with 
increasing tape-twist ratio. As y increases the data are shifted 
toward the left for any given pressure ratio. This is 
demonstrated most clearly for the density ratio of 
approximately 20.7. 

To correlate the data, a nonlinear regression analysis was 
performed on the data. The resulting correlation 

(q&/&) = (4.597 + 0.092544, 

+o.o04154y~)(pJp,)-~~‘~~~ 

+0.09012 ln(a/g) (3) 

predicted the data well with the average ratio ofpredicted data 
to experimental data of 1.015 and with an average deviation 
between the experimental data and the prediction of + 10.2%. 
The scatter in the data is shown in Fig. 2; 81% of the data are 
predicted to within + 15% and 91% are predicted to within 
f 20%. Note that to use this correlation an iterative solution is 
required. Any CHF ratio predicted to be less than unity should 
be set to unity. 

CONCLUSIONS 

The CHF condition for twisted-tape generated swirl flow 
has been examined. Data from many investigations covering a 
very wide range of flow conditons and geometries have been 
tabulated. By using Katto’s axial flow correlations to 
nondimensionalize the CHF data from swirl flows, a 
nondimensional radial acceleration to characterize the 
centrifuging effect on entrained liquid droplets, and the liquid- 
to-vapor density ratio to describe the pressure level, the data 
were successfully correlated. 
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