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ABSTRACT

Burnout and pressure drop data are presented for a series of 29 annuli
cooled by upflow of Freon-12 at an inlet pressure of 1.04 MPa with internal,
external and combined internal and external heating. The test sections had
a uniform axial heat flux distribution, except for one internally heated test
section which had a chopped cosine axial heat flux profile {(form factor = 1.4).
The test sections covered a range of annulus goemetries; heated lengths
range from 457 mm to 4,277 mm; hydraulic and internal tube diameter ranges
are 1.55 mm to 8 mm and 8 mm to 19 mm respectively. The mass velocity range

is 0.7 to 4 Mg m %5 !, and inlet subcooling values range up to 26 kJ kg~ !.
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1. INTRODUCTION

The results of 417 boiling crisis tests with Freon-12 (dichlorodi-
fluoromethane) are presented for a series of 29 annulus test sections covering
a substantial range of geometric parameters for an inlet pressure of 1.04 MPa.

This series of tests was carried out as part of a collaborative programme,
with the UK Atomic Energy Establishment, Winfrith providing data on which to
establish a model fluid technique for boiling crisis experiments. The 29
annulus test sections used in the experiments are listed in Table 1.

The ranges of parameters covered in the present series of tests are:

Geometry
Centre tube external diameter 7.95 - 18.6 mm
Shroud internal diameter 9.5 - 26.6 mm
Hydraulic diameter 1.55 - 8.0 mm
Length 457 ~ 4,277 mm
Ratio of length to hydraulic 180 : 1,180
diameter

Heating Modes

Centre tube only
Shroud only
Both centre tube and shroud at same heat flux

Flow Conditions

Mass Velocity 0.7 - 4 Mg m %s7!
Inlet subcooling 2.4 - 26 kJ kg !

Following the tests it was found (Ilic & Lawther 1973) that spacerx
elements, used to locate centrally the inner rod in these test sections,
could have a significant effect on the boiling crisis conditions. Figure 2
from Ilic and Lawther 11973) shows the effect of such spacers on burnout
power (heat flux) with Freon-12 compared with an essentially bare annulus.
The effect varies considerably with inlet temperature and mass velocity, and
such effects may, in some cases, be substantial {(up to 80 per cent is
indicated on Figure 2). This means that the quantitative results reported
here are only applicable to the geometries tested (i.e. with the same spacer
arrangements) ,

Spacer element arrangements are detailed in each case with the tables

of data.



2, EXPERIMENTS

2.1 Test Rig

The AAEC Freon-12 loop, ACTOR {Ilic 1972), was used for the expefiments.
Layout of a typical test section assembly in the rig is shown in Figure 1.

2.2 Instrumentation

The mass flowrate was measured with a multiorifice system (V. Ilic, AAEC
unpublished report}, specially designed for operation on the Freon-12 rig,.
Pressure drop across an orifice plate was indicated by a differential mercury
manometer. The pressure difference so obtained was substituted in the mass
flow egquation derived either from the British Standard BS1l042: Part 1, 1964,

1

if the mass flowrate was greater than 0.2 kg s *, or from calibration data

for non-standard orifices (V. Ilic, AAEC unpublished report) if the flowrate
was less than 0.2 kg s~ !, fThe fluid temperature at the inlet to the test
section was measured by a platinum resistance thermometer. The température
of the metered fluid was measured by a chromel-alumel thermocouple placed 2 m
upstream of the orifice and read off the printed record from a multipoint
temperature recorder.

The power to the test section was obtained from separate measurements
of the voltage drop between heater power clamps and the current through the
test section. The latter was obtained by measuring the voltage drop across
a calibrated precision resistance in the power supply line. The test section
preséure drop was measured by means of a differential mercury manometer. The
test section inlet static pressure was obtained from a pressure indicator
connected to a pressure transmitter unit. All the above data were recorded
manually.

Owing to the test section construction, static pressure drop over the
test section includes pressure drop over 76 mm (38 mm at each end of the
section) of unheated test section length. With the heated outer shroud
test sections, brass clamps 64 mm long were used, such that the heated surface
was always 38 mm below the top pressure tapping, and 38 mm above the lower
pressure tapping.

Burnout detection was by means of a thermocouple, thermopile or a bridge
detector which monitored the change in electrical resistance of the test
section. The hot junction of the chromel-alumel thermocouple was located on
the heater wall about 5 mm upstream of the end of the heater length. The
thermopile detector consisted of 4 chromel-alumel thermccouples connected in
series and equally spaced around the periphery at the same axial position.

The data tables indicate the device used for each test section.



2.3 Experimental Method

In all cases, the required flow conditions were initially established
with a trial burnout obtained through a fairly rapid succession of test section
power increments. The power was then reduced such that the test section
voltage was about 0.5 V below the burnout wvalue, and conditions were allowed
to settle. The burnout was then approached at small rates of power incre-
ments, until the pen monitor registered a substantial deviation in the burncut
signal (corresponding to a power variation of the order 1 watt). A record
was then made of all the relevant parameter values.

2.4 Error Estimates

The estimate of random errors associated with each measurement is given

below:

flowrate t 1.5% heater power | 2%
inlet pressure * 14 kPa| heater area * 0.6%
inlet temperature | * 1°C pressure drop | * 1%

3. RESULTS

3.1 General

Burnout data recorded in the experiments were processed on an IBM360/50
computer using a specially developed computer program FREON (M.A. Cowper,
AAEC unpublished report). The data are tabulated in Tables 2 to 30. A
summary of the data is shown in Figures 2 and 3 for a constant mass velocity
of approximately 1,336 kg m 2s”!.

Exit guality and boiling length were obtained from a heat balance calcu-
lation neglecting losses (AQ) to the surrounding air from the test section
and copper power clamps. Although such losses are estimated to be fairly
small, calculated qualities slightly in excess of unity (Table 24) probably
reflect the consequence of neglecting such losses; this can be seen from the

overall heat balance equation:

= — - Q _ 49
X (hf_ hf +W) W .
O 1 [o] O

In the case of those tests in which both inner and outer surfaces of the
annulus were heated, burnout was always detected on both heaters (shroud and
inner rod) simultaneously.

Test section pressure drop for a given mass velocity and at zero power
was found not to be much affected by the inlet subcooling, and was sometimes

assumed constant for experimental convenience, after taking a reading at one



value of inlet subcooling for a given mass velocity. These assumed values
are shown iﬁ brackets in the tables.

Because of test section manometer malfunction during the burnout runs
on test section 9F (Table 10), separate tests were done especially to record
the pressure drop data.

Variation of burnout power (BOP} with inlet subcoocling is shown in
Figure 3. It is seen that, in general, the BOP increases with inlet sub-
cooling in an approximately linear manner. Figure 4 provides the same informa-
tion in terms of burnout heat flux (BHF). For convenience in analysing the
data, BOP and BHF values corresponding to zero inlet subcooling were obtained
by extrapolation.

3.2 Effect of Geometry on Test Section Performance

3.2.1 Effect of heated length

With reference to Figure 5 it can be seen that, for given inlet flow
conditions, increase of the heated length
(1) in general, increases BOP,
(ii) decreases BHF, and
(iii) increases static pressure drop at burnout.

3.2.2 Effect of mass flux change with L/D constant

A change in test section size (keeping L/D constant) had a substantial
effect on BOP (Figure 6a) for given inlet flow conditions (mass velocity and
subcooling), but the effect on BHF was, in general, small (Figure 6b). Figure
5 shows results for a change in size by a factor of 2. Figure 8 shows
variation of BHF against L/D for all 29 test sections.

3.2.,3 Effect of shroud diameter variation

Increasing the shroud diameter increases BOP for.a given mass velocity,
in the manner illustrated in Figure 7a for test sections 3F, 9F and 29F. The
effect of increasing the shroud diameter is less pronounced for a given mass
flowrate, as shown in Figure 7b for the three test sections,

3.3 Effect of Heat Flux Distribution on Test Section Performance

3.3.1 Effect of chopped cosine axial heat flux

The effect of a chopped cosine axial heat flux profile (CAHFP) was
obtained by comparing results from test section 27F (form factor = 1.4) with
those from test section 9F, which had a uniform axial heat flux profile
(URAHFP). In Figures 9 and 10 it is seen that:

{i) The BOPs for UAHFP and CAHFP are similar at a high value of sub-
cooling over the range of mass velocities tested. The differences are greatest

at zero inlet subcooling, where BCP(U) is less than BOP(C) (at moderate to



high mass velocities) by up to about 17 per cent.

(ii) The static pressure drop at burnout does not show significant
variation between the two tests even though the BOPs (and hence the exit
qualities) are in general higher with CAHFP.

3.3.2 Effect of transverse distribution of heat flux

Several sets of geometrically identical test sections were used with
heating applied either to the central rod, toc the shroud, or to both. 1In
the latter case, identical heat flﬁx was present on the heated shroud and the
heated inner rod. 1In general, it was found that for the same inlet flow
conditions, BHF was least in the case of bilateral heating. ‘his is illus-
trated in Figure 8, which indicates that the BHFs for test sections with heating
from only one surface are approximately 40-50 per cent higher than for heating
from both surfaces.

4. CONCLUSIONS

(i) BHF substantially decreases with increase of the L/D ratio,
(ii) With bilaterally heated test sections, where the heat filux is
the same on both heated surfaces, the BHF is less than with either internal
or exXxternal heating alone,

(iii) BHFs for annulus test sections of different sizes but having the
same L/D ratio and flow conditions are approximately egual.

{iv) In general, BOP varies with I towards a maximum, which depends on
G and Ahi.

(v) Static pressure drop at burnout shows a linear increase with I.

(vi) 1Increase in shroud diameter does not appreciably change BOP at
the same mass flowrate,

(vii) Comparison of the average BOP for the cosine test section (27F)
with the BOP for the corresponding uniformly heated test section (9F) showed
that the power was generally higher, depending on the mass velocity and inlet
subcooling. The disparity diminished with increase in inlet subcooling and
reduction in mass velocity.

(viii) BHF is generally least and the power greatest for the bilaterally
heated test section compared with heating the central rod or shroud only.

5. NOMENCLATURE

Roman letters

D = hydraulic diameter
G = mass velocity

h = enthalpy

P = pressure



=  heater length
= total test se¢tion power input

= mass flowrate

® = 10 o
I

= quality
Greek letters

A = a small portion

A = latent heat of vaporisation
¢ = burnout heat flux
Subscripts

£f = liquid

i = inlet

o = outlet

Abbreviations

BHF = Dburnout heat flux

BOP = Dburnout power

BOP (C) = burnout power for test section with cosine axial heat
flux profile

BOP (U) = burnout power for test section with uniform axial heat
flux profile

UAHFP

uniform axial heat flux profile

]

CAHFP cosine axial heat flux profile.
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TABLE 1
TEST SECTIONS LISTING

Annulus Diameter mm (in) Heated Mode
Code No. Length of Table
Shroud Inner Tube mm {(in) Heating

1F 22.733 (0.895) 15.88 (0.625)| 3,658 (144) I* 2
2F 22.733 (0.895) 15.88 (0.625)] 1,829 (72) I 3
3F 11.38 (0.448) 7.95 (0.313)]1,829 (72) I 4
4F 11.38 (0.448) 7.95 (0.313) 914 (36) I 5
5F 26.59 (1.047) | 18.57 (0.731)] 4,277 (168.4) I 6
6F 26.59 (1.047) | 18.57 {0.731)| 2,139 (84.2) I 7
7F 20.96 (0.825)( 15.88 (0.625)} 3,658 (144) I 8
8F 20.96 (0.825) | 15.88 (0.625)}{ 1,829 (72) I 2
oF 10.49 (0.413) | 7.95 (0.313)} 1,829 (72) I 10
10F 10.49 (0.413) 7.95 (0.313) 914 {36) I 11
11F 24,51 (0.965) | 18.57 (0.731)| 4,277 (1l68.4) I 12
12r 24.51 (0.965) | 18.57 (0.731) 2,140 (84.25) I 13
13F 20.96 (0,825) | 15.88 (0.625)| 3,658 (144) Q% * 14
14F 20.96 (0.825) 1 15.88 (0.625)] 1,829 {(72) o 15
15F 10.49 (0.413) 7.95 (0.313)| 1,829 (72) 0 16
le6F 10.49 (0.413) 7.95 (0.313) 914 (36) 0 17
17F 24,51 (0.965) | 18.57 (0.731)] 4,277 (168.4) 0 18
18F 24,51 (0.965) 1 18.57 (0.731)} 2,139 (84.2)} o 19
19F 20.96 (0.825) | 15.88 (0.625){ 3,658 (144) I/0%*%| 20
20F 10.49 (0.413) 7.95 (0.313)]1,829 (72) /0 21
21F 24.51 (0.965) | 18.57 (0.731)| 4,277 (168.4) /0 22
24F 11.38 (0.448) 7.95 (0.313)( 1,829 (72) 0 23
25F 11.38 (0.448 7.95 (0.313)71,829 (72) I/0 24
26F 10.49 (0.413) 7.95 {0.313) 457 (18) I 25
27Ft 10.49 (0.413) 7.95 (0.313)] 1,829 (72) I 26
28F 9.5 (0.374) 7.95 (0.313)] 1,829 (72) 0 27
29F 9.5 (0.374) 7.95 (0.313))1,829 (72) 28
30F 2.5 (0.374) 7.95 (0.313)] 1,829 (72) I/0 29
31F 9.5 (0.374) 7.95 (0.313) 914 (36) I 30

# I = internal heating ***% T/0 = internal and external

#% O = external heating heating

Y = chopped cosine axial heat flux

profile (with form factor of
1.4).
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FIGURE 1. TYPICAL TEST SECTION ASSEMBLY IN THE RIG
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FIGURE 9. BOP VARIATION WITH MASS VELOCITY FOR
COSINE (27F) AND UNIFORM HEAT FLUX
PROFILE (9F) TEST SECTIONS
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FIGURE 10. BURNOUT STATIC PRESSURE VARIATIONS WITH
MASS VELOCITY FOR COSINE (27F) AND UNIFORM
HEAT FLUX PROFILE (9F) TEST SECTIONS






