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Abstract—A study of the forced-convection boiling of R-113 in electrically heated coils with a substantial
heat flux tilt toward the outside of the coils is reported. The circumferentially local subcooled critical heat flux
(CHF) with a flux tilt is increased or decreased, when compared to a coil without a flux tilt at the same bulk
fluid condition, depending on the relative magnitudes of the flux tilt, mass velocity, and ratio of tube diameter
to coil diameter (d/D). Generally, there are increases in the local CHF with decreasing mass velocity and d/D,
and with increasing flux tilt. The quality region CHF in a coil with a flux tilt is lower than the CHF in a coil
without a flux tilt. The subcooled and quality region CHF condition (when unaffected by buoyancy) occurs
at the inside surface of the coil and not at the location of highest heat flux. Operational problems, in particular
upstream CHF conditions, may occur if a coiled tube is operated with low to moderate subcooling near
the inlet and with moderately high heat fluxes.
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NOMENCLATURE
a, radial acceleration, (V3/D) [ms™2];
Bo. boiling number, ¢"/(H,, G);
d inside tube diameter [m];
D, coil diameter, tube axis to tube axis [m];
g gravitational acceleration [ms~?];
G, average mass velocity [kgm™2s7'];
Gr,  Grashof number, gd° pf (o, — p.) p1/1d;

H, enthalpy [Jkg™'];

Hy,. enthalpy of vaporization [Jkg™1];
L, heated length [m];

. pressure [Pa];

q’, heat flux [Wm™?];

Re, Reynolds number, Gd/u;

v, average axial velocity [ms™1];

X, thermodynamic quality.

Greek symbols

P, density (kg m~*];

“, dynamic viscosity [Nsm™?].
Subscripts

avg, average;

c, coiled;

cr, critical ;

WFT, with flux tilt;

in, inlet;

IR saturated liquid;

* The transition from highly efficient boiling or forced-
convection vaporization heat transfer to inefficient vapor-
dominated heat transfer occurs at the CHF condition.

max, maximum;

min, minimum;

S, saturated;

str, straight;

v, saturated vapor.
INTRODUCTION

MosT coiled-tube boiling heat transfer and critical
heat flux (CHF)* studies have been performed with
electrically heated tubes. When the coil is being
formed, the tube wall deforms so that a nonuniform
heat flux distribution occurs around the circumference
of the tube. The highest flux occurs at the inside surface
of the tube but the nonuniformity generally is not
large. In practice, however, situations can arise in
which the heat flux is highest at the outside of the coil.
For instance, a coiled tube is to be used as the receiver
for a solar energy concentrator, the Crosbyton (Texas)
System [ 1, 2]. For this system, the flux distribution is
much more nonuniform than those previously studied
and, more importantly, the maximum flux is 180°
displaced from the maximum flux location in the usual
electrically heated test sections. Nonuniformities in the
heat flux distribution can arise also with two-fluid heat
exchangers used in industry due to the bypassing of
fluid flow toward the outside of the coil. The term ‘flux
Ul (Gar/dmg) i5 used to describe the heat flux
nonuniformity.

Various investigators [3-12] have concluded that
differences in the boiling heat transfer and pressure
drop characteristics between flow in normal coils and
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in straight tubes can be attributed to the formation of a
secondary flow superimposed on the main flow. A pair
of generally symmetrical vortices arises due to the
centrifugal force which occurs because of the coil
geometry. Interpreting the results in terms of the ‘local
conditions hypothesis’, i.e. CHF depends only on local
quality for a given pressure level, mass velocity and
tube diameter, the findings of these investigators are:

(1) The CHF condition in coils occurs at different
bulk steam qualities at different circumferential lo-
cations, with a coiled tube, in most cases, having a
higher quality at which a particular circumferential
location exhibits CHF than a vertical straight tube at
the same heat flux.

(2) The circumferential location of the CHF con-
dition in coils with vertical axes appears to depend on
the relative magnitudes of the centrifugal and gravi-
tational forces.

(3) In the quality region, because of stronger centri-
fugal forces and secondary flows, the smaller radius
coils exhibit larger critical qualities at the same heat
flux.

(4) For a given coil at the same critical quality, an
increase in mass velocity up to about 1000kgm 257!
usually resultsin an increase in the quality region CHF
(which is the reverse of the situation usually found with
straight tubes); further increases in mass velocity cause
a decrease in CHF.

(5) In the subcooled region, the CHF at constant
subcooling is lower in the coil than in a straight tube.
Around zero quality a reversal occurs; over a small
quality change the CHF in the coil changes from being
lower to being higher than that in a straight tube.

(6) If acoiled tube is operated with low to moderate
subcooling near the inlet and with moderately high
heat fluxes, upstream CHF conditions may occur due
to the non-monotonic shape of the CHF-x,, curve.

(7) The hydrodynamics of coil flow [13, 14] show
many interesting phenomena which help explain the
CHF behavior.

(8) No investigations of the effect of flux tilt appear
to have been previously reported for coiled tubes.

Several CHF studies for straight tubes with various
flux tilts have been performed [15-24]. Important
conclusions are:

{1) The CHF condition occurs at the point of the
maximum heat flux (¢p,,,) around the tube perimeter.

(2) The maximum, circumferentially local CHF in
subcooled and quality boiling is higher for a tube with
a flux tilt than for one without a flux tiit at the same
bulk enthalpy. The difference increases with increasing
flux tilt.

{3) The difference in the maximum, circumferen-
tially local CHF between tubes with and without a flux
tilt decreases with increasing pressure, quality, and
mass velocity.

{4) The circumferentially-averaged CHF for non-
uniformly heated tubes is lower than for the uniform
case at the same quality.

Dunn and Vafaie [ 2] studied a helical coil which was
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radiantly heated on one side. The focus of the study.
however, was on the vaporization heat transfer coef-
ficients prior to dryout. Very limited CHF infor-
mation was presented.

The complex nature of two-phase flow in coils,
further complicated by a highly nonuniform circum-
ferential heat flux distribution, would make a priori
CHF predictions extremely difficult using the existing
straight tube or coiled tube data in the literature.
Hence, this study was initiated in order to determine
the effects of a nonuniform circumferential heat flux,
with the highest heat flux at the outside surface, on the
CHF condition in flow boiling heat transfer in helically
coiled tubes. The reference tests, i.e. CHF data for
straight tubes and uniformly heated coils, have been
reported [12].

EXPERIMENTAL APPARATUS

A schematic of the closed flow loop is shown in Fig.
1. R-113 (dissolved gases <0.05 ppm by volume} was
delivered by a variable-speed pump to the preheater/
recuperator (P/R). The liquid temperature at the
outlet of the P/R was controlled by adjusting the flow
rate and pressure of the fluid on the shell side of the
P/R. Electric preheaters downstream of the P/R were
used to st the required test-section inlet temperature.
A flow control valve at the test-section inlet was used to
eliminate thermal-hydraulic flow instabilities. The
electrically (DC)heated test sections wereenclosed ina
transite box. The space between the test section and
walls of the box was filled with insulation so as to
reduce heat loss to a negligible value. The flow was
measured with rotameters. All temperatures were
measured with 30ga copper-constantan thermo-
couples. The thermocouple outputs as well as the
voltage drop and current supplied to the test sections
were automatically monitored with a Hewlett—
Packard data acquisition system.

One straight, horizontal tube and three pairs of
coiled tubes with vertical axes were tested (Table 1).
The coils with and without a flux tilt were paired so
that the effect of the nonuniform heat flux could be
determined. The tube material was 316 stainless steel.
After coiling. if inspection revealed ripples on the inside
surface of the tube, the coil was discarded since
roughness could bias the results. Some deformation in
tube diameter was experienced, which resulted in a
slightly oval tube, but generally the difference between
the major and minor diameters was less than 0.05 mm.

To obtain the nonuniform heat flux, nickel was
clectrolessly plated on half of the outside diameter of
the tube after the tube was cotled (Fig. 2). Since the
nickel has a lower resistivity than the stainless steel
base material, more of the current flowed through the
nickel layer than through the stainless steel, resulting
in a higher heat generation rate in that half of the tube.
As a result of manufacturing problems, the 22 cm coil
had a maximum nickel thickness of 0.15 mm (at the 50°
location) while the other two had a maximum nickel
thickness of 0.10 mm. The thickness of the nickel varied
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Fic. 1. Schematic layout of test loop.

0.025 mm between the 90° location and the 0° and 180°
locations. This continuous variation was consistent
with all three coils and was a result of the plating
process. The heat flux distributions in the coiled-tube
test sections are indicated in Table 2.

The wall temperatures of the coiled test sections
were measured at axial and circumferential locations.
The thermocouples were electrically insulated from the
wall by a 0.025 mm thick layer of Teflon tape, and then
securely fastened to the tube wall with additional
layers of the tape. For the longer test sections, 14 axial
locations were used; for the shorter test sections, 10
axial stations were used. The axial locations each had
four thermocouples positioned 90° apart around the
circumference.

The experimental conditions covered in this in-
vestigation were

P, 0.94 + 0.04 MPa (at test-section outlet),
G, 570-5470kgm~?s™ !,

q. 54 000-940 000 W m~2,

Xepr ~0.55-+0.99,

Inlet subcooling, 0-110K.

EXPERIMENTAL PROCEDURE

As an initial check of the experimental apparatus
and procedure, single-phase heat transfer tests were
performed with all coils and compared to correlations
[25, 26] found in the literature. Agreement was
excellent for the majority of the Reynolds number
range (7100 < Re < 120000), with most of the
circumferentially-averaged local heat transfer coef-
ficients being within +10%; of the predictions. It was
concluded that the nonuniform heat flux had no effect
on the average heat transfer coefficients.

Testing under boiling conditions began after degas-
sing the R-113. The test-section flow rate, pressure level,
and inlet fluid temperature were set at their required
levels and the test-section power was increased in small
steps. After the power was increased, if one or more
wall temperatures rose rapidly relative to the other
wall temperatures, data were taken quickly and test-
section power then was either rapidly reduced to a low
level or shut-off completely.

The inside wall temperature and the heat flux were
determined by solving the steady-state heat con-
duction equation for a circular tube. Account was
taken of the plating and the circumferential variation
in wall thickness, resulting from the bending process,
as well as changes in heat and electrical conduction
lengths and areas. The wall thickness and temperature
drop were small enough that the property variation
due to the temperature gradient was negligible. Cir-
cumferential conduction was found to be insignificant
because of the thin tube wall, low metal thermal
conductivity, and high heat transfer coefficients.

The location of the CHF condition in the straight
tube was identified by noting a sharp wall temperature
rise with a small increase in power. Generally, when
the final power level was reached, only the last two wall
thermocouples indicated a large temperature rise, with
the second-to-last thermocouple not showing as steep
a temperature rise as the last thermocoupie. However,
at lower mass velocities and heat fluxes, the elevation in
temperature extended 12-15cm along the tube. In
those cases, the CHF condition (local heat flux and
quality) was identified by noting the thermocouple
location with approximately a 17K rise in wall
temperature. The validity of this criterion has been
demonstrated [27].

The identification of the coiled tube CHF condition
was basically the same as for the straight tube tests
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Fic. 2. Schematic (exaggerated) of geometry of WFT coil.

except that the temperature rise criterion for CHF was
fowered to about 7K. When the test-section power
was raised to a value very near that required to initiate
the CHF condition, one of the wall temperatures at a
particular axial location would jump this amount. This
temperature jump was a prelude to a large temperature
excursion with a small additional increase in power.
Once the CHF condition was reached at one circum-
ferential location, the dry patch did not necessarily
spread around the tube.

Inlet subcooling and test-section length both were
varied to cover a range of outlet critical qualities. In the
high quality region, the long tubes were used to obtain
the CHF data in all cases. In the subcooled, high mass
velocity region, the long tubes again were used. In the
subcooled, low mass velocity region, the short tubes
were used to obtain the CHF data, while in the
subcooled, intermediate mass velocity region, both
long and short tubes were used.

Data from 93 straight tube tests, 172 coiled-tube
tests without a heat flux tilt, and 175 coiled-tube tests
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with a heat flux tilt were obtained, Uncertainties
associated with the variables are suggested to be: ¢,
+2.5%; x, £6.6%; G, +2.1%. Further details of the
experimental apparatus, procedures, and data re-
duction can be found in refs. [28] and [12]. Complete
tabular data, are available from the first author. The
reference tests will be summarized to set the stage for
analysis of the flux tilt tests.

CHF IN STRAIGHT, HORIZONTAL TUBES

The CHF results for the two straight horizontal test
sections are presented in Fig. 3. ‘Negative quality’ is
used as an indication of the liquid subcooling and is
defined as (H—H,,)/H;, The local conditions hy-
pothesis seems to apply in that CHF depends only on
local quality for a given pressure level and mass
velocity. More scatter in the data is evident at lower
mass velocities than at the higher mass velocities. Since
the data shown are typical (relative to the scatter) of all
the data taken, only faired-in curves will be shown on
the figures for the remainder of the data.

These data exhibit the same characteristics and
trends as found in previous studies performed either
with water or refrigerants [29-32]. In the subcooled
and low quality regions, the CHF increases with
increasing mass velocity and decreases with decreasing
subcooling, At low quality an inversion occurs, and the
CHF then decreases with increasing quality and mass
velocity. Griffel and Bonilla [31] suggest that this
reversal occurs because of different mechanisms for the
CHF in bubbly and annular flow. In the subcooled
region, at the lowest mass velocities (G = 544 and
1046 kg m~?s~!), buoyancy caused severe upstream
CHF conditions and erratic wall temperature profiles,
and a degradation in CHF compared to vertical flow
as inferred from the high mass velocity data. This
behavior is consistent with that observed [29, 33-35]

Table 2. Test section heat flux distributions

Without flux tilt*

With flux tiitt

/D Test section @ q:“”‘ q’:” qﬂ
’ Qavg {Imm qavg Qmin
0.0182 3,4 1.049 1.099
12 1237 1,396+
13 1.228 1.377
14 1.238 1.398
00353 5-8 1.096 1.198
15 1.525 2183
16 1.531 2203
17 1.558 2.302
18 1.510 2.131
19 1.515 2.149
20 1.522 2171
0.0649 9-11 1.186 1.394
21 1471 1.726
22 1.382 1.531
23 1412 1.593

* Maximum heat flux is at inside surface.
+Maximum heat flux is at outside surface.

tVariations in heat flux distributions for these tubes are due to manufacturing variation.
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Fi6. 3. Composite of straight, uniformly heated horizontal
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for vertical downflow and horizontal flow. These
studies have shown that buoyancy reduces the CHF
when compared to vertical upflow, that the main
influence is in the subcooled and bubbly flow regime,
and that the buoyancy effect diminishes and disap-
pears as mass velocity increases. In this study some
influence of buoyancy was observed with mass vel-
ocities as high as 2061 kgm~2s~!. The following
correlation was developed to describe the data:

ee str - -
Bo = Hr—é = Re;%%[1.234-3.873 x 107 % Re,

8
+ (—1.367-3.150 x 107 Re,)x]C (1)
where for Gr,/Re? = 0.0127
C = 04(Gr,/Re 2,,) 92!
and for Gry/Re? < 0.0127,

C =10

@

Taking into account the parametric distortion, thus
ensuring that the heat balance equation is not violated
[27], the average absolute percent deviation (AAPD)
of the prediction from the experimental data is 3.9%.
The data of Coffield et al. [30] have a vatue for AAPD
of 10.5%,
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F16. 4. Composite of local CHF data for 41 cm diameter coil

without flux tilt.

M. K. JENSEN and A. E. BERGLES

" FORBIDDEN
ZONE ”.

CHF LOCUS: q'c'r Hor
for D,P.G fixed

FiG. 5. Schematic representation of ‘forbidden zone’.

CHF IN HELICAL COILS WITHOUT A FLUX TILT

Discussion of the CHF results

A typical plot of the coil CHF data is given in Fig. 4.
An important feature of the CHF locus for each mass
velocity is a region in which no data could be obtained.
This ‘forbidden zone’ is a consequence of a minimum in
the complete CHF—x_, curve. This is shown schemati-
cally in Fig. 5 where the CHF-x_, locus for a coiled
tube is ABCD. The dashed lines are operating lines
representing the quality at a particular location in the
tube as the heat flux is increased. The CHF condition
will occur when any of the operating lines intersects the
CHF locus. For example, only an exit CHF condition
would occur at x;, = 0 and x;, = x; (subcooled).
However, if the inlet quality is reduced to x,, the CHF
condition will occur right at the tube inlet. Further
reductions in x;, will result in additional upstream
CHF conditions at the tube inlet or some downstream
location until xy is reached, after which only exit
CHF’s will be experienced. Points on the curve from C
to C' would be unobtainable without length and/or
inlet quality changes; the curve from B to C cannot be
obtained without upstream CHF conditions. The
complete curve was not obtained because of the
impossibility of observing all the wall temperatures
along the tube simultaneously and because of the
difficulty of recording all of the required data in a short
enough time so that the test section was not damaged
or destroyed. Although similarly shaped CHF-x,,
curves have been presented in the literature previously
(e.g. for very high mass velocities [36, 37], and for
systems with upstream compressibility [38]) the prob-
able mechanisms in the present case are different, as
will be discussed below.

In the subcooled region, the CHF—x_, curves de-
crease monotonically with decreasing subcooling. The
coiled tube data are lower than the straight tube data,
with the curves converging as the exit subcooling
decreases. With decreasing d/D (Fig. 9) and mass
velocity, the coiled tube data approach the straight
tube data. At lower mass velocities, buoyancy effects
were evident. For G < 1000kgm™%s™!, the CHF
condition generally occurred at the top of the tube
while at higher mass velocities it occurred at the inner
wall (Fig. 4).

The differences between the subcooled CHF con-
dition in coiled and straight tubes appear to be
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attributable to the existence of centrifugal force in the
coil flow which tends to preferentially collect the vapor
at the inner surface. This is aggravated by the slightly
higher heat flux (Table 2) and the CHF condition
occurs at a lower heat flux than in a straight tube. At
lower mass velocities, and with larger coil diameters,
the weaker centrifugal forces reduce the strength of the
secondary flow. The reduction in CHF thus is less as
coil diameter is increased. At some critical mass
velocity/coil diameter combination, the buoyancy
force overcomes the inertial and centrifugal forces re-
sulting in vapor clotting at the top of the tube and
little difference between straight and cooled tube CHF.

In the quality region, CHF is enhanced as a result of
the radial acceleration. The data show a generally
increasing CHF with increasing d/D. For a given
quality, the CHF initially increases with increasing
mass velocity then decreases after reaching a maxi-
mum at about 1000kgm™?s~!. As in the subcooled
region, buoyancy effects were apparent between 840
and 1000 kg m~2 s ™! for the largest coil, and between
540 and 800kgm~%s™ ! for the two smaller coils.
Qualitative explanations have been proposed [12, 39,
40] to explain these trends.

The transition zone between the subcooled region
with its CHF mechanism and the quality region with
its much different mechanism appears to be de-
termined approximately by the change from the
bubbly flow regime to the annular flow regime. As
subcooling decreases, eventually the void fraction
becomes large enough to affect the flow regime. At this
point, the beneficial characteristics of the quality coil
flow begin to be felt. Thus, the minimum with CHF-x_,
curve is obtained. The curve continues upward as the
quality region characteristics predominate over the
detrimental subcooled CHF characteristics.

The following correlations were developed to de-
scribe the data. The subcooled CHF equation, ob-
tained with g, . from equation (1), is

dose o _026 ¢ \a/g)
. = K = 0.769(a/g) for @D) > 10
and
_ (a/g)
K=1 for(d/D) < 3)

where a/g = V?/(gD)and V is calculated assuming the
total flow is liquid. The AAPD = 7.4%,. The quality
region equations are

for G > 950kgm 27!

Bo = 17126 Re,' 142 x 0435 (/D031 (4)
for G € 950kgm™2s™!

Bo = 0.00000409 Re?,3® x~ 0460 (1/p)017
with an AAPD = 3.0%.

CHF IN COILED TUBES WITH FLUX TILT

General characteristics of data
The operating and CHF identification procedures of
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the tests of the coils with a flux tilt (WFT) toward the
outside surface were the same as for the normal coils.
However, since the temperature rise associated with
the critical condition was much faster and larger for
the WFT coils than for the other coils, only the four
circumferential wall temperatures at each of the last
three axial stations closest to the exit were recorded.
When the CHF condition occurred far upstream, the
exact location was not known and no data were
obtained. For certain ranges of inlet subcooling,
upstream overheating (determined when the tempera-
ture at the thermocouple location 12.7 cm from the exit
rose first instead of the outlet thermocouple tempera-
ture) occurred for all mass velocities for the 12 cm coil.
For the other two coils, upstream overheating occur-
red only at the lower mass velocities (G < 1500 kg
m~2s7Y),

In the high quality region, the data from the normal
coils and WFT coils have similar behavior, with the
local CHF from the WFT coils being lower than that of
the normal coils. However, in the lower quality and
subcooled regions, there are significant differences in
behavior between the two sets of coils. These differ-
ences depend upon mass velocity, flux tilt, and coil
diameter. At high mass velocities no minima occur in
the CHF-x,, curves for the two large diameter WFT
coils; but at lower mass velocities in the two larger
WFT coils and at all mass velocities in the 12cm WFT
coil, minima do occur. Whether or not the local CHF
in WFT coils is greater than, equal to, or less than the
CHF in normal coils depends upon the mass velocity,
flux tilt, and coil diameter.

Discussion of the CHF results

Subcooled CHF. The subcooled CHF condition in
helical coils with a flux tilt toward the outside wall is a
much more complex phenomenon than that in coils
with uniform heat flux, and the local CHF data (local
heat flux and average cross-sectional quality) for the
WFT coils (Figs. 6-8) show a variety of effects when
compared to the normal coil data. At lower mass
velocities (G < 1500kgm~?s™ ') for the two larger
WET coils and for all of the mass velocities for the
12 cm coil, the behavior is somewhat similar to that of
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F1G. 6. Composite of local CHF data for 41 cm diameter coil
with flux tilt.
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the normal coils. At higher mass velocities, no up-
stream CHF conditions were encountered, and there
was a smooth transition between the subcooled and
quality regions to that experienced with the
straight tube. Note that in both cases there is a change
in slope of the CHF-x,, curve at around zero quality.
This suggests a change in the CHF mechanism be-
tween the subcooled and quality regions. Overall, the
subcooled CHF-x_, curves decrease monotonically
with decreasing subcooling. As with the normal coils,
the CHF's in WFT coils are lower than those of the
straight tubes, with the largest degradation occurring
at the largest d/D. Buoyancy effects were evident at the
same mass velocities and curvature ratios as with the
normal coils.

Generally, when compared to the normal coils
(Fig. 9), the subcooled WFT coil data indicate a deg-
radation in the local CHF at higher mass velocities
and smali coil diameter. There are improvementsin the
local CHF at low mass velocities. The effect of an
increasing or decreasing flux tilt is somewhat obscured
by the other two parameters. However, it appears as if
the local CHF in the subcooled region is improved
somewhat with increasing flux tilt. Qualitative expla-
nations can be offered to explain these trends.

There is more vigorous boiling at the outer surface
than at the inner because of the higher heat flux. The
bubbles formed at the outside will be swept toward the
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Fic. 8. Composite of local CHF data for 11.7 cm diameter
coil with flux tilt.
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inner surface as a result of the secondary circulation.
With the heat flux decreasing as the bubbles move
around the perimeter, two heat transfer processes are
competing—condensation in the subcooled core and
vapor generation at the wall. At a fixed flux tilt and coil
diameter at lower mass velocities, the time required for
the bubbles to flow around the tube perimeter is long
enough so that the condensation tends to dominate
and the bubbles decrease in size. With less vapor
reaching the inner surface from other portions of the
tube, the bubbles formed at the inner surface are the
main contributors to the formation of a locally high
void fraction which then would lead to the formation
of a dry patch there, as in the normal coil. As the mass
velocity increases, the secondary circulation increases
in strength. For the bubbles in transit, there is less time
for condensation, and more vapor from the outside
surface reaches the inner surface. In addition, the heat
fluxes are higher with the higher mass velocities and
more vapor is generated than can be condensed. As a
result, increasingly more degradation, when compared
to the normal coiled tube, is evident with increasing
mass velocity.

At the lowest mass velocity (G =~ 550 kgm ™ 2s™ '}in
the two large WFT coils, no data could be obtained in
the subcooled region because of upstream overheating.
Examination of the upstream scorched patterns on the
22cm and 41 cm WFT coils indicated that severe
overheating occurred at the outside of the coil in the
subcooled region but not in the 12 cm coil. There was
little indication of overheating at the inside of the coil.
Figure 10 can be used to explain this behavior. The
solid lines are CHF-x_, curves for a WFT coil. The
dashed lines are the operating lines which reflect the
heat flux tilt. The outside CHF conditions are not
entirely obvious, as can be seen by the sketch given in
Fig. 10 where the abscissa is the average cross-sectional
quality. As the test section power is raised. the
operating line for the outside surface intersects its
CHF locus before the inside surface operating line
encounters its CHF locus. It is clear that lowering of the
inside CHF locus or reduction of the flux tilt can
change this picture so that the CHF condition occurs
at the inside rather than the outside of the tube. At this
low mass velocity (550kgm™?s™!), the secondary
flow is weak ; thus, the flow pattern is probably not
much different than that in a straight tube. In straight
tubes, the CHF condition always occurs at the point of
highest heat flux. Hence, at low mass velocities and
large coil diameters, the WFT coil results are con-
sistent with previous investigations with straight tubes
with flux tilt.

The effect of the curvature ratio, 4/D, is consistent
with the above explanation for mass velocity. As d/D
decreases, with a fixed flux tilt and mass velocity, there
will be a weaker secondary circulation. Hence, the
behavior of the heat transfer processes could be as
described above for the decreasing mass velocity with
fixed d/D. The local CHF will increase with decreas-
ing d/D.
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F1G. 10. Schematic (exaggerated) of CHF behavior at the
inside and outside surface of a coiled tube on a local heat flux
and average cross-sectional quality basis.

As mentioned above, an increasing flux tilt in the
subcooled region seems to increase the local CHF.
With the higher heat flux at the outside of the coil,
more vigorous boiling should occur there than any-
where else on the perimeter. The secondary circulation
sweeps the bubbles back toward the inner surface. But
as the flux tilt increases, the relative heat flux at the
inner surface decreases. The bubbles from the outside
move from a ‘hot’ area to a ‘cooler’ area. The liquid
here condenses the vapor much more readily than in a
uniformly heated tube. In addition, the secondary flow
will circulate the colder fluid away from the inner
surface toward the outer surface. This could lead to a
slight suppression in the growth of the vapor bubbles
at the outer surface, so that the higher heat flux from
the higher flux tilt might not necessarily cause larger
bubbles to form at the outer surface. Consequently, the
bubbles formed at the inner surface would have to be
the main cause of a locally high vapor which causes the
CHF condition. When compared to a normal coil, the
local CHF would be higher in the coil with a flux tilt.

The preceding discussion suggests that the in-
teractions of the mass velocity, flux tilt, and curvature
ratio are quite involved. The figures showing the local
data show increases, no change, and decreases in the
local CHF, when compared to the normal coil,

HMT 25:9 -1

tilt.

depending on the combination of these three variables.
The plots of the average CHF data (Fig. 11) generally
indicate an increase in the CHF, with the 22 cm WFT
coil showing a substantial improvement. This could be
expected since the increased heat addition is occurring
at that location in the tube where the heat transfer
mechanism is most efficient and where the degradation
in the local CHF is not great.

Quality CHF . The effect of the higher heat flux at the
outside of the coil on the local CHF in the quality
region is easier to explain than its effect in the
subcooled region. The shape and relative location of
the local CHF curves are very similar to those of the
reference coils, generally only being displaced down-
ward (Fig. 12). The local data indicate that as g;,,, /g
increases, the local CHF decreases. As with the normal
coiled tubes, the CHF condition at the higher mass
velocities appears first at the inner surface. In straight
tube investigations, the CHF condition has always
been reported as occurring at the point of maximum
heat flux. Buteven in those cases in this study where the
flux tilt was 1.5, no appearance of overheating was
observed on the high flux portion of the tube. The effect
of buoyancy was observed at the same conditions as it
was with the normal coils.

When comparing the CHF data on an average basis
(Fig. 13), the CHF levels for the normal coils and WFT
coils are approximately equal for the 41 cm and 22 cm
coils. The data for the 12cm WFT coil are 10-15%
higher than the data from the normal coil. Whether or
not the average CHF of a WFT coil is increased,
appears to be a function of the flux tilt and curvature
ratio.

The mechanism of the quality region CHF in coils
with a flux tilt appears to be basically the same as for
coils without flux tilt, but modified to account for the
changes in the local conditions around the circumfer-
ence of the tube. The centrifugal force caused by the
fluid flow continuously deentrains liquid droplets from
the vapor core; the secondary flow distributes the
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liquid over the inner surface with the liquid film
flowing from the outside surface toward the inside. At
the same average power, the same amount of liquid
would be available in the normal coils and WFT coils.
However, the nonuniform heat flux in the WFT coil
disrupts or changes the film flow so that the local CHF
will be lower than that in a normal coil. With the
higher heat flux at the outside of the WFT coil thanina
normal coil, more of the liquid film is evaporated at the
outer wall. Less liquid is available to continuously flow
back toward the inner wall and to keep it wet. In
addition, the amount of liquid entrained from the inner
surface is probably the same in both normal coils and
WFEFT coils. As the power to the test section is raised,
less and less liquid will reach the inner wall, causing the
liquid film there to grow thinner. Eventually this film
will break up and a dry patch will appear.

In the normal coils, the transition between the
subcooled and quality regions was marked by the
change in the CHF mechanism which is probably due
to the change in flow regimes from a slug-type flow to
annular flow. In the subcooled region in the normal
tube, vapor is not distributed evenly around the
circumference. The vapor tends to agglomerate at the
inner surface. This behavior causes the minimum to
occur in the subcooled CHF curve (e.g. Fig. 4) and
causes the large differences between the normal coil
and straight tube CHF-x_, curves. In the WFT coils, at
higher mass velocities, the vapor bubbles tend to cover
more of the perimeter, with not such a large pref-
erential agglomeration at the inner surface. The vapor
distribution would approximate that in a straight tube
more than that in a normal coil. Hence, the transition
between the subcooled and quality regions could be
expected to be more like the straight tube than the
coiled tube. At the lower mass velocities, the vapor
distribution again would be similar to that in a normal
coil, with the resulting CHF behavior being
comparable.

CORRELATION OF CHF DATA

Subcooled CHAF

The three parameters influencing the subcooled
CHF in WFT coils when compared to the normal coils
are the mass velocity, curvature ratio, and flux tilt.
Using the ratio of the CHF’s from the normal coils and
WFT coils, the following equation was obtained to
represent the local CHF data:

orowrr _ (0.824 +0222 q-';:i‘-)u — 0.0254/g)
(3

where g7 . is calculated from equation (3). The
accleration is again calculated assuming that the total
flow is liquid. The AAPD = 5.5% with the maximum
deviation being 18.6%.

avg

Quality CHF
From the examination of the data, the main para-
meter influencing the decrease in the local CHF is the
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flux tilt. The shape of the CHF-x_ curves are re-
markably similar so it was felt that the correlation
could be in the form of a ratio between CHF’s from
normal coils and WFT coils. The resulting equation is

” ” —-1.551
qcr.c.WFT = 1.291 (qmax) (6)

" 1"
er.c avg

The normal coil CHF was calculated from equation
(4). To avoid the transition effects of the lower mass
velocities and of the smaller coil, only the data for x,
> 0.1 and G > 680kgm~2s~! were correlated. The
AAPD = 429, with the maximum deviation being
found to be 9.99%.

CONCLUSIONS

An experimental study has been conducted to
determine the effects of a nonuniform circumferential
heat flux distribution, with the highest heat flux at the
outside surface, on the CHF in forced-convection
boiling in helically coiled tubes. The primary variables
investigated were mass velocity, subcooling and
quality, curvature ratio, and flux tilt. The following
conclusions can be drawn from the investigation:

(1) The local, subcooled CHF in a coil with a
substantial flux tilt toward the outside wall is a
complex phenomenon. There can be an improvement
or a degradation in the CHF, when compared to a tube
without a flux tilt, depending on the relative magni-
tudes of the flux tilt, mass velocity, and curvature ratio.
Generally, there are improvements in the local CHF
with decreasing mass velocity and curvature ratio, and
with increasing flux tilt.

(2) The effect of the flux tilt in the quality region is to
reduce the local CHF when compared to the coil
without a flux tilt. It appears that the higher flux at the
outside of the coil disrupts the liquid film flowing back
toward the inner surface, causing the film to be thinner
than in a comparable coil without a flux tilt and thus
leading to a CHF condition at a lower heat flux.

(3) The differences between the CHF’s from coils
with and without a flux tilt were correlated on the basis
Of @max/qave For design guidance on coils with a flux
tilt, equation (5) can be used for the local CHF in the
subcooled region. Equation (6) can be used for the
local CHF in the quality region. The average CHF in
both regions can be obtained with correlations based
on data from coils without a flux tilt ; however, this will
tend to give conservative predictions.

More data need to be obtained, particularly at other
pressures, to extend the ranges of validity of the
proposed correlations and to better define the obser-
ved behavior in the subcooled and quality regions.
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FLUX CRITIQUE DE CHALEUR DANS DES SERPENTINS AVEC UN FLUX
CIRCONFERENTIEL CROISSANT VERS LA SURFACE EXTERNE

Résumé—On rapporte I'étude de I'ébullition de R113 en convection forcée dans des serpentins chauffés
¢lectriquement avec une sensible croissance de flux thermique vers I'extérieur du serpentin. Le flux critique
(CHF) local avec un flux variable est augmenté ou diminué, comparé au cas du flux uniforme avec la méme
condition de débit, selon 'amplitude relative de la décroissance du flux, la vitesse, le rapport du diamétre du
tube d celui du serpentin (d/D). Généralement, il y a un accroissement du CHF local avec la décroissance de la
vitesse massique et de d/D et avec 'augmentation de I'amplitude du flux. La qualité en région CHF dans un
serpentin avec flux variable est plus faible qu'un flux uniforme. Des problémes opérationnels, dans des
conditions particuliéres en amont, peuvent apparaitre si un tube courbe est utilisé avec un sous-
refroidissement faible 4 modéré prés de Pentrée et avec des flux thermiques modérément élevés.

DIE KRITISCHE WARMESTROMDICHTE IN SPIRALROHRSCHLANGEN MIT EINEM
WARMESTROMDICHTE-GRADIENTEN IN UNFANGSRICHTUNG NACH AUSSEN

Zusammenfassung—Es wird iiber eine Untersuchung des Siedens bei erzwungener K onvektion von R-113in
elektrisch beheizten Spiralrohren mit einem wesentilichen Wirmestromdichte-Gradienten zur AuBenseite
der Spiralen berichtet. Im Vergleich mit einem Spiralrohr ohne Wirmestromdichte-Gradient bei gleichen
Zustdnden im Stromungskern nimmt die Grtrliche kritische Warmestromdichte (CHF) in Umfangsrichtung
bei unterkiiltem Sieden sowohl zu als auch ab—abhiingig von den relativen Grofien von Wirmestromdichte-
Gradient, Massenstromdichte und Durchmesser-Verhaltnis von Rohr und Spirale (d/D). Im allgemeinen
ergibt sich eine Zunahme der ortlichen CHF-Werte bei Abnahme von Massenstromdichte und d/D und bei
zunehmendem Wirmestromdichte-Gradienten.

Die kritische Warmestromdichte bei Dampfgehalt ist in einer Spirale mit Wirmestromdichte-Gradienten
kleiner als in einer Spirale ohne Gradienten. Bei unterkithltem Sieden wie auch bei Dampfgehalt tritt die
CHF-Bedingung auf der Innenseite der Spirale und nicht am Ort der hichsten Wirmestromdichte auf
{sofern Auftriebseffekte ohne EinfluB sind). Schwer zu beherrschende Betriebszustinde—speziell stromauf
gelegene CHF-Bedingungen—konnen auftreten, wenn eine Spiralrohrschlange mit geringer bis maBiger

Unterkiihlung am Eintritt und bei maBig holen Warmestromdichten betrieben wird.

KPUTHYECKUIN TEIJIOBOM MOTOK B BUHTOOBPA3HBIX 3MEEBHUKAX C
HEOAHOPOAHBIM 110 MEPUMETPY PACIHPEAEJEHHWEM TEIJIOBOI'O INOTOKA

Aunoramea—I1poBeICHO MCCEA0OBAHUE KHICHHS ¢ BHIHYXACHHOR xoHsexume# ¢peona-113 8 marpe-
BAEMBIX IEKTPHYECKMM TOKOM 3MEEBHKAX, HMCIOLUMX 3HAYHTENIbHBbIR YroJ HaKIOHAa TEIUIOBOTO
MOTOKA MO OTHOLIEHHIO K BHEIIHEH NMoBepxHOCTH. BeauunHa /1IOKAaJbLHO HENOTPETOr0 KPHTHYECKOTO
rennosoro noroka (KTI1) mo OKpYyXHOCTH 3MEeBHKA C HAKJOHOM MOTOKA YBE/IMMHBACTCA MM
yMEHBIIAETCH (10 CPABHEHMIO CO 3MeeBHKOM 0e3 HaKJIOHa TIOTOKA TPH TEX Xe ycnoBusx B obneme
KHIKOCTH) B 3aBHCMOCTH OT HAKJIOHA NMOTOKA, MAacCOBOH CKODOCTH H OTHOLUGHHS AHameTpa TpyOni
Kk auamMeTpy 3meesuka (d/D). B obwmem ciysae oTMeveHO yBENMUYEHHE JIOKA/JBHOIO KPHUTHYECKOTO
TEMJIOBOrO MOTOKA C YMEHBLIIEHHEM MACCOBOH CKOPOCTH M OTHOLUCHHS d/D W ¢ yBelH4YEHHMEM yria
HakJjoHa nortoka. Benanunwa KTI1 B nuana3oHe BeCOBOro MapocolEpXaHHS B 3MEEBMKE C HAKIOHOM
NOTOKA HHXE, 4eM B 3MeeBuke Ge3 HakioHa. Bosuuxnosenue KTI1 B amanasone Hegorpesa u BecoBoro
napocoepxaHus (PR OTCYTCTBHM BJIMAHHS TLTaBY4eCTH) HabjiomaeTcs HAa BHYTDEHHEH MOBEPXHOCTH
3MEEBHKA, HO HE B MECTE MONBOJA MAKCHMAJBHOTO TEMNOBOro noToka. Moxer oTMeuaThest
HeycToumMBbIi pexuM paboThl, ocobenno B Hauane BosHukHopeHHs KTI1 B tex cnyyasx, xorga so
BXOJHOM Y4YAaCTKE 3MeeBHKa HMeeTcs OonbilOH MNAM CPEeAHHMH HEROTPeB INPH NOBOJILHO BBLICOKOM
MIOABOJE TeMnNia.
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