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Abstract—Heat-transfer measurements are presented for the case of supercritical pressure water flowing
through horizontal small bore tubes under conditions of uniform heat flux. The experiments were designed to
produce the high frequency oscillations which had been previously observed to occur spontaneously in
heat transfer to supercritical pressure hydrogen and to supercritical pressure water. Oscillation frequen-
cies were measured and are shown to be associated with pressure oscillations in the test section resulting
from a standing pressure wave between entry and exit. Several modes of standing wave were identified.
Detailed wall temperature distributions were measured and heat-transfer coefficients deduced. The
heat-transfer coefficient distribution along the test section is seen to have a variation which <hows that it is
strongly influenced by local pressure fluctuations.
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NOMENCLATURE

constant;

constant defining variation of ¢ with
z;

constants;

electrical current flow per unit cross
sectional area of tube wall;

total length of test section between
mixing chambers;

heated length of test section;

pressure;

electrical resistivity of tube wall;
Reynolds number;

temperature;

axial velocity;

location of exit and entry on z axis;
sound velocity;

test section bore;

frequency;

thermal conductivity of tube;

mass flow in test section;

mode of oscillation;

p, amplitude of pressure fluctuations, P’
— peiwr;

q, heat flux;

r, radius;

t, time;

z, axial coordinate;

o, heat-transfer coefficient;

Ah,  defined by equation (4);

7, defined by equation (4);

o, density;

w, angular frequency.

Superscripts
) fluctuating;
* reference value.
Subscripts

b, bulk fluid;

c, critical;

h, refers to heated length;

in, inlet condition;

0, steady state value;
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pc,  pseudo-critical;
w, tube inner wall;
s, constant entropy;
n, refers to mode.
INTRODUCTION

AN INCREASING amount of effort has, in recent
years, been applied to understanding heat
transfer to fluids in the region of their thermo-
dynamic critical point. This has resulted mainly
from attempts to collect design data for
applications such as superconducting cables
(employing helium), rocket motors (hydrogen
and hydrocarbon fuels) and electricity generat-
ing plant (water). In each of these applications
the fluid used is at supercritical pressure and
transfers heat at temperatures in the region of
its pseudo-critical temperature. Here, both
thermodynamic and transport properties vary
sharply with temperature, and the equations
governing heat transfer and fluid flow are in
their most complicated form. The early experi-
mental work was often correlated in the same
manner as constant property heat transfer,
resulting, as the surveys by Hall, Jackson and
Watson [1] and Hendricks and Simoneau [2]
show, in the appearance of apparently contra-
dictory sets of data. More recently, experiments
have been designed to demonstrate how such
contradictions arise.

Fluctuations of pressure and temperature
over a wide range of frequencies have been a
familiar feature of many of the experimental
investigations. Particularly in some forced con-
vection investigations in pipes the pressure
fluctuations were of high intensity, sufficient
to communicate themselves as a clearly audible
sound—*“whistling”—to bystanders. Relatively
few experiments had been carried out with the
aim of defining the nature of the oscillations at
the time when the work reported here was
begun, and this was the object of the experiments.

LITERATURE SURVEY

Although this paper is primarily concerned
with forced convection it is interesting to con-
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sider also the oscillations occurring in natural
circulation loops such as that used by Schmidt,
Eckert and Grigull [3] containing near critical
ammonia. Cornelius and Parker [4] performed
such a set of experiments which, although
preceded by others [5, 6] is particularly relevant.
The flow circuit was a simple one in which
slightly supercritical Freon 114 was circulated
by heating and cooling in different sections. The
test section was a straight, heated length of
vertical pipe. Forced circulation by pump was
also possible. Oscillations of 5-30 Hz were
observed in pressure when T, < T,, and T, >
T,- The oscillations were sinusoidal and of
discrete frequency, and it was deduced that
they were the result of a pressure wave travelling
around the circuit (length 1) with sonic velocity.
The frequency of the oscillations was thus
f = ¢/l. where ¢ varied around the circuit with
fluid temperature. A series of experiments was
carried out for constant ! in which the bulk
temperature level of the fluid in the loop was
varied, being kept always below T,. The change
in f with 7, which resulted followed a curve
similar to the variation of ¢ with temperature.
Further experiments in which | was varied
consolidated the idea of a standing wave in the
loop. By introducing a restriction in the flow
circuit, Cornelius and Parker found that the
oscillations could be prevented, presumably
because of the uncoupling of the path taken by
the wave. Using a test section of much smaller
bore than the rest of the circuit produced a
higher frequency range of oscillations under
the same temperature conditions. This was
analyzed by considering the test section as a
pipe in a state of resonance with either end
open, and the agreement obtained with measured
frequencies suggested that this was a satisfac-
tory interpretation. Wall temperature distribu-
tions varied in shape between different oscillatory
states and localised hot regions were observed
in some cases. Chemical deposits on the pipe
wall were mentioned as a possible cause. In
other cases a general lowering of wall tempera-
ture level accompanied the presence of oscilla-
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tions. Another range of frequencies of the order
0-1-0-5 Hz occurred in the loop in natural
convection experiments in which the bulk
temperature at test section outlet approached
T, Associated with pressure oscillations were
fluctuations in flow rate, fluid temperature and
wall temperature of the same frequency. The
authors explained these phenomena as the
effect of large specific volume changes in the
pseudocritical temperature region.

Oscillations have occurred in many super-
critical pressure fluids in purely forced convec-
tion experiments. Goldman [ 7] reported experi-
ments with turbulent flow of supercritical
pressure water (124 < P/P, < 2:03) in small
bore tubes, and observed frequencies in the
region of 2 kHz. For the conditions of the
experiments the bulk temperature was always
less than T, whilst the wall temperature was
above T,,. Oscillations occurred only at a high
heat flux level, higher than 315 MW/m?, the
level depending upon inlet bulk temperature
and mass flow rate. Wall temperature measure-
ments were presented for one “oscillating” run
in which temperatures near the outlet end of the
tube dropped below their “non-oscillating”
level indicating an increase in heat transfer
coefficient. Hines and Wolf [8] using hydro-
carbon rocket fuel at P/P, = 2 flowing turbu-
lently in small bore tubes also found that the
presence of high frequency oscillations improved
the heat transfer. Constant flux heating up to the
extremely high level of 15 MW/m? was used.
Although heat transfer was improved by the
oscillations the pressure fluctuations reached
large amplitude in the test section resulting in
tube failure in one case. The frequency of the
oscillations was in most cases much higher than
the value presented as the fundamental fre-
quency for “open-open” pipes, however, the
paper is not clear regarding the way in which the
fundamental was calculated.

In 1964, Bishop, Sandberg and Tong [9]
reported experiments with water at 103 <
P/P, < 125 in turbulent forced convection in
small bore test sections. Heat fluxes up to 4-8

MW/m? were used. No general conclusions
regarding the oscillations were reached. As with
the experiments of Hines and Wolf [8] the
fundamental pipe resonance frequency was
lower than the frequencies of the sound heard
(1-10 kHz) but contrary to the latter and
Goldman’s [7] report, heat transfer deteriorated
locally when the oscillation occurred.

Experiments with hydrogen revealed that
oscillations can occur over a very wide range of
frequencies. The most relevant sets are those
carried out by Thurston [10] and by Thurston,
Rogers and Skogland [11]. These were experi-
ments in which hydrogen at up to P/P, = 14
was discharged through a small bore tube. In
the earlier reference, thermal boundary condi-
tions were rather ill-defined, but in the other,
a constant heat flux boundary condition was
maintained. The modes of oscillation were
identified as “Helmholtz” and ‘“open-open”
pipe resonance. Variation in frequency of the
pipe resonance with changes in bulk fluid
temperature were noticed in the experiments
and allowed for in supporting calculations by
evaluating the frequency of pipe modes numeric-
ally for each experimental run, supplying the
appropriate variation of bulk temperature along
the test section. It was found that oscillations
only occurred when the wall temperature was
above T, and bulk temperature below, in line
with previous experiments. The lowest pressure
used in these experiments was P/P, = 0-6 and
oscillations were observed at this subcritical
pressure also.

There have been a number of occurrences of
audio-frequency oscillations in two-phase forced
convection heat transfer to water. These occur
particularly in film boiling experiments, as
reviewed by Goldman [12] for example and
also Kafengauz and Fedorov [13]. Film boiling
certainly has one of the principal features of
the supercritical pressure experiments in which
oscillations occur, a dense “liquid” core separ-
ated from the tube wall by a “gaseous” layer,
but surface tension is an added complication.

For the present experiments it was decided to
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operate under conditions similar to those of
Bishop, Sandberg and Tong [9], and to apply
more effort to making detailed observations of
oscillations.

EXPERIMENTAL ARRANGEMENT

A double-acting ram pump driven by com-
pressed air accepted water from a storage tank
and supplied it through the circuit of Fig. 1 at

Cooler
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the test section outlet flowed through the heat
exchanger and was further cooled in stages to
20°C before being reduced in pressure to
atmospheric. Flow measurement was then made
with a rotameter. The whole of the pressurised
circuit was made from stainless steel (AISI 321).
The purity of the water was maintained by a
separate circuit; the pH value was kept slightly
above 7 and the water was degassed by boiling

| bar N, blanket

-Deioniser

Storage
tank

Main pump

Test section

A

Electricai
(7 insulation

. Boiler
with reflux condenser

Preheater

Manual controliers

50 Hz,250V

FiG. I. Experimental apparatus.

pressures up to 300 bars. Nominal working
pressure in the experiments reported here was
250 bars and this was maintained to about +2
bars. The pump delivery was at ambient tem-
perature and was used to cool the return water
from the test section in a simple heat exchanger.
At the outlet from this the delivery water
temperature was typically 200°C. This was
increased in a preheater to the required test
section bulk inlet temperature. Both preheater
and test section were horizontal tubes heated
directly by the passage of alternating current
(50 c/s). The test section was connected to the
main loop by means of flanges with mixing
chambers inside as shown in Fig. 1. Water from

before being stored under a Nitrogen blanket.
The electrical power inputs to preheater and
test section were measured using current trans-
formers and voltage tappings. In order to keep
the two circuits separate, thus avoiding heat
generation in the heat exchanger, an electrical
break in the form of a PTFE gasket was inserted
in the heat exchanger flange. Temperature
measurements were made with chromel-alume]l
thermocouples and a digital voltmeter, the two
wires being welded side by side to the stainless
steel tubes. Two test sections were used. The
smaller was of 1-524 mm bore and 0203 m
heated length and the larger of 3-1 mm bore and
0-61 m heated length. Both had thermocouples
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uniformly spaced at 12-5 mm intervals. Bulk
inlet and outlet fluid temperatures were deduced
by measuring wall temperature distributions
along the unheated, thermally insulated tube
immediately before and after the test section.

Sound frequency measurements were made
by means of a microphone suspended above the
test section. Since conditions were stable in
time, frequency analysis of the microphone
output was carried out by a frequency analyser
using a manual scan. Pressure fluctuations were
measured in the fluid after the heat exchanger,
as no transducer capable of withstanding tem-
perature conditions in the test section could be
obtained. '

REDUCTION OF EXPERIMENTAL DATA

Because of the thickness of the test section
tube walls, the temperature difference across the
wall was of the same order of magnitude as the
difference between inside surface temperature
of the tube and bulk temperature. An additional
feature was the variation of thermal conductivity
and electrical resistivity with temperature which
were significant at the high temperatures in-
volved. Calculation of the inside surface tem-
perature was undertaken by solving the steady
state conduction equation with temperature
dependent properties.

1d [ dT\

The outer surface of the tube was well insulated
thermally and was assumed to be adiabatic and
at the temperature indicated by the thermo-
couples. Current density was assumed to be
independent of radius. Local heat flux, which
varied along the test section by up to 10 per
cent of the mean, was also determined. Local
bulk temperature was determined from a know-
ledge of inlet temperature, heat flux distribution
and mass flow rate, taking into consideration the
temperature variation of specific heat. Hence
local heat transfer coefficient was found. Un-
certainty in local heat transfer coefficient away
from the tube ends was estimated to be about

+10 per cent maximum. Errors in local heat
flux determination resuiting from the neglect
of axial conduction terms in equation (1) were
of order 2 per cent at most.

EXPERIMENTAL RESULTS

In discussing the results mean heat fluxes are
quoted.

(a) Small test section

The range of conditions for the small test
section experiments is shown in Table 1. The
procedure adopted was to fix mass flow and
inlet temperature to the test section and examine
the influence of heat flux on wall temperature
distribution and sound production. The
behaviour with the lowest mass flow rate and
an inlet bulk temperature of 290°C demonstrates
the principal effects observed and is described
first.

Heat flux was increased in steps up to
g = 296 MW/m? before any oscillations were
heard. The change in shape which the wall
temperatures underwent in passing this
threshold flux is shown in Fig. 2. The microphone
output indicated a single frequency of 1926 Hz.
Further increase in g to 3-85 MW/m?* (Fig. 2
curve (c)) changed this frequency steadily to
1863 Hz and an additional frequency of 2700
Hz was found to be present at this stage. When
the heat flux was decreased to g = 3:16 MW/m?
the microphone output changed in a step to a
single frequency of 1100 Hz. There was in fact
a pause marking this step, when no audible
sound was produced. The wall temperature
distribution was then that of Fig. 2 (d). Further
reduction to g = 2-17 MW/m?, well below the
threshold necessary to initiate oscillations, did
not cause oscillations to cease. The frequency
was then 1203 Hz and the wall temperature
distribution was fairly uniform. The heat flux
was again increased in steps to g = 4-05 MW/m?.
Between 31 MW/m? and 33 MW/m? the
microphone output changed frequency from
1100 Hz to 2033 Hz and the wall temperature
distributions showed a corresponding change
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Table 1. Range of parameters couered in small test section expertments

Mass flow Test section inlet Maximum test Bulk inlet
(g/s) temperature (+5°C) section outlet Reynolds number
(°C) temperature (°C)
290 381 4-80 x 10*
565 315 380 5-35 x 10*
335 382 595 x 10*
290 376 590 x 10*
694 315 379 65 x 10*
340 382 712 x 10*
290 369 7-05 x 10*
82 315 379 76 x 104
340 382 855 x 10*
290 366 735 x 10*
9-5 315 375 8:04 x 10*
340 379 905 x 10*
6so- zero did not introduce any changes significantly
@) different from those described above.
600 The same general pattern of events took place
o at the other mass flow rates for the lowest inlet
i bulk temperatures. Figure 3 shows the variation
5 7€) of the threshold heat flux with mass flow rate
o
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Fic. 2. Wall temperature distribution in the presence of 3
oscillations. ke
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back to the form of Fig. 2(b) and 2(c). Above
g = 385 MW/m? several discrete frequencies 2o
were present, with predominant peaks in the 5 6 7 8 9 10

spectrum at 2750 Hz and 1840 Hz; a typical
wall temperature distribution is shown as Fig.
2(e). Reducing heat flux from this high level to

Moss flow rate, g/s

FIG. 3. Variation of heat flux at onset of oscillations with
mass flow rate.
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and inlet bulk temperature. The threshold
increased as mass flow increased for fixed bulk
inlet temperature. Once oscillations had begun
they changed in frequency as the heat flux was
varied, either gradually or in well defined large
steps at some heat flux levels. Figure 4 shows a
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o o o
Mass fiows x
s 5 .
&5 . I
x 6-94
% a
1000} 82 x o
a 95
; . " R
300 320 340 360

Mean bulk fluid temperature, °C
FiG. 4. Dependence of frequency on bulk fluid temperature.

plot of frequency versus mean bulk temperature
along the test section. The points fall into three
distinct groups each of which has a linear trend
with mean bulk temperature. In general the
frequency of oscillations at their onset lay in
the middle group of Fig. 4, ie. between 1700
and 2500 Hz. An exception to this was the run
at a mass flow of 8-2 g/s with an inlet temperature
of 340°C, in which whistling occurred at a heat
flux of 41 MW/m? with a frequency lying in
the highest group, of 2780 Hz. This threshold
flux is shown as a single point in Fig. 3. No
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oscillations occurred for the other three mass
flows at such high bulk fluid inlet temperatures
although the heat flux was increased to between
31 and 3-7 MW/m? in all cases. This suggests
that the trend of decreasing threshold flux with
increasing inlet bulk temperature suggested by
Fig. 3 does not continue as T,,, approaches T,,.

No clear heat flux data can be presented to
to mark the step changes in frequency between
the groups of points in Fig. 4, because of the
tendency for frequencies at all three levels to
occur simultaneously once oscillations had
begun and the heat flux level had been changed
from the threshold. At the highest mass flow
rate a frequency of order 5000 Hz was observed.
In some cases at the highest heat flux levels the
oscillations were sinusoidal of high frequency
(~3000 Hz) but were amplitude modulated in
a non-sinusoidal manner with a period of ~2s.
Wall temperatures were observed to fluctuate
with the same period, especially in the vicinity
of wall temperature peaks, The occurrence of
oscillations in the lowest frequency group was
in some cases in conjunction with higher
frequencies, but sometimes as a single frequency
when the heat flux was taken below the threshold
level after oscillations had begun. This latter
occurred on runs with the lowest bulk inlet
temperature.

Wall temperature distributions changed in
the manner of Fig. 2 for all runs in which
oscillations occurred; further examples are
shown in Fig. 5. Often the initiation of oscilla-
tions did not produce an immediate change in
wall temperature distribution but, as shown in
Figs. 5(b) and (c), followed a flux increase (no
detailed record of the amplitude of the oscilla-
tions is available to compare the amplitudes of
cases 5(b) and (c)). Likewise, the temperature
distributions did not always respond immedi-
ately to the step changes in frequency which
took place, but did so after a pause of up to
several minutes.

(b) Large test section
Experiments were carried out with bulk fluid



264

inlet temperature ranging from 100 to 290°C
and inlet Reynolds numbers from 2-2 x 10*
to 7-48 x 10*. Heat fluxes up to 31 MW/m?
were applied, giving maximum bulk fluid outlet
temperatures of about 384°C ie. very close to
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FiG. 5. Wall temperature distribution in the presence of
oscillations.

T,. Oscillations were observed for one case
only, when T,;,, = 100°C and Re = 22 x 10*,
with f = 1000 Hz. The heat flux was 3-07 MW/m?
and bulk fluid outlet temperature was 363°C.
Tube wall temperature was above T, over the
the downstream half of the tube.

DISCUSSION

Nature of the oscillations

In a cylindrical geometry there are essentially
two uncoupled modes of vibration, radial and
longitudinal. There are further, two possible
media which might act as a vehicle for such
modes, the metal pipe or the fluid within. Cal-
culations eliminate the pipe wall radial and
longitudinal modes, and radial modes in the
fluid are orders of magnitude higher in frequency
than the oscillations observed. The construc-
tion of the test sections used in the present work
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is such that they could encourage “open-open”
pipe resonance, with a node at each end (Fig. 1).
If the bulk temperature of the core of dense
fluid was to remain constant with z, the
resonant frequencies of such an oscillation would
be given by

ne
= —wh =
f 2an erc n=1,2,3 (2)

n = 1 indicates a half wavelength filling the tube,
n = 2 a full wavelength with a node at the mid-
point, etc. The effect of changing the level of
temperature of the fluid core would be pro-
portional to df/dc = (n/2nL) since ¢ is a function
of temperature, that is, proportional to n.
This accounts for the slope of the three lines
through the points in Fig. 4. The central group
is for n = 2 and has a slope twice that of the
lower group which is for n = 1. In fact bulk
fluid temperature varies axially, the velocity of
sound therefore varies axially and equation (2)
is not the correct solution for this case.

If it is assumed that the wave motions pro-
duce small perturbations of the fluid pressure,
that the bulk fluid motion and viscous effects are
not important to the wave motion and that
pressure fluctuations in the fluid occur adia-
batically, then we have from first order pertur-
bation analysis the following wave equation:

&p  @p
dz? c?

=0 (3

where p is pressure fluctuation amplitude, c?
may be a function of z and w is the wave
frequency.

A linear variation of ¢ with distance along
the test section was found to be a reasonable
assumption after considering the fluid properties
and the variation of bulk fluid temperature.
Thus ¢ = Bz may be introduced and the test
section entry and exit considered to be at
z = a and z = b respectively. We require then
the solution of the equation:

d?p w)?
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By putting z = ¢' the above equation may be
reduced to one with linear coefficients and we
finally obtain:

p= (2)(Ez" + Fz7?) (4)
where
7 = 3J[1 — 4w/B)*].

The boundary conditions for an open ended
pipe are,at z =aand z = b, p = 0, and give the
following:

B 2n \?
fn=‘G [1+<ln(b/a)>]n=1,2,3.... (5

f, was evaluated for several experimental runs
and it was found that the calculated frequencies
agreed with those observed to within 10-15
per cent.

Relationship between wall temperature
distribution and frequency

Figures 2 and 5 show that the presence and
frequency of oscillations influence the wall
temperature distribution. Interpretation of these
plots is complicated by the fact that one is
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dealing with heat transfer in the presence of highly
variable properties, so that even in the absence
of oscillations the heat-transfer coefficient varies
along the test section, and with Re and T,,, in
a manner which does not comply with existing
forced convection correlations and cannot yet
be predicted. Some of this variation can be
removed by plotting on a normalized basis, as
Fig. 6, in which a normalized heat-transfer
coefficient is defined as (¢ — a*)/a*. o* is arbi-
trarily taken as the value midway between the
minimum and maximum in «. Figure 6 contains

a*

FiG. 6. Heat-transfer coefficient distributions in the presence
of oscillations.

m/s

[~

a, KW/m?K

Ly X¢]

F1G. 7. Comparison of measured wall temperature and heat
transfer coefficient distributions with fluctuating pressure
distribution, n = 1.
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data from runs in which mode n =2 only
occurred. The runs shown were chosen irrespec-
tive of mass flow, inlet temperature and heat
flux. The close agreement between all curves
suggests that a particular mode of oscillation
has associated with it a particular heat-transfer
coefficient distribution.

From equation (4) and (5) the pressure fluctua-
tion of the nth mode may be written.

P, = A, <f>* sin (mt n (z/a)) ©6)
a In (b/a)

and Figs. 7-9 show P,/A, superimposed on wall
temperature distribution and heat-transfer co-
efficient distribution for selected runs. Figures 7
and 8 show runs in which a single mode existed,
n = 1 and n = 2 respectively. In both cases the
local maxima in wall temperature (which give
local minima in «) are located axially very close
to the maxima in pressure amplitude.

Zeros in pressure amplitude are associated with
maxima in heat transfer coefficient. Figure 9
shows a run in which modes n =2 and n =3
occurred simultaneously. The relative ampli-
tudes are unknown but on the present inter-
pretation mode n = 3 seems to be dominant,
zeros in pressure amplitude corresponding to
local maxima in a and maxima in pressure
amplitude corresponding to minima in « The
wavelength of the axial variation of heat transfer
coefficient is thus half of the acoustic wavelength.

The work of Jackson and Purdy [14] is
particularly relevant to these results. They
performed a series of experiments in which a
pipe with constant wall temperature was cooled
by forced convection of atmospheric pressure
air at Reynolds numbers between 2 x 10° and
5 x 10* A standing wave was produced in the
pipe by means of a microphone tuned to the
frequency corresponding to n = 4 in equation
(2). At high sound levels, measurements of local
heat-transfer coefficient revealed that it had a
sinusoidal axial variation, following the pattem
of the standing wave but having half the wave-
length. For laminar flow their results were
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supported by some theoretical work, which
predicted the velocity distributions in the pipe
and allowed qualitative comparisons with the
measured heat-transfer coefficient distributions.

Cause of oscillations

The verification that a longitudinal standing
wave occurs in the tube allows speculation that
the energy source driving the oscillation arises
in the low density wall layer, for equation (3)
for the high density core of the flow fits the
experimental facts quite well and is without a
source term.

The variation of threshold values of heat flux
with mass flow rate in Fig. 3 is consistent with
the physical interpretation of the conditions
necessary to support oscillations i.e. with a low
density wall layer separating the high density
core of fluid from the wall. The bulk enthalpy rise
of the fluid between entry and exit of the test
section, Ah, is given by

Ah =gq-nL, d/m (M

assuming g to be uniform. The value of Ah will
have a strong influence on the distribution of
the fluid between low and high density regions,
that is, upon the thickness of the wall layer. The
lines drawn in Fig. 3 represent values of g
necessary to maintain a fixed Ah for varying mass
flow rates. The experimental points at the lowest
mass flow have been arbitrarily chosen to define
Ah. In fact, the radial distribution of heat flux in
the fluid will depend upon local Reynolds
number and will also influence the thickness
of the low density layer, however the general
trend of points is in agreement with the simple
picture.

Part of the work of Stewart [15] upon
which this paper is based, was direct to an
examination of the alternate compression and
expansion of the wall layer. This was based on
a suggestion by Hall [ 16] that if the low density
layer is subjected to cyclic pressure fluctuations
whilst being supplied with heat from the tube



268

wall, a net work output could resuit. The model
depends upon the variation of thermal conduc-
tivity with pressure and temperature for near-
critical fluids. An idealized situation was studied
in which two planes, one representing the tube
wall and the other the interface between high
and low density fluids, varied their distance
apart in a stepwise cyclic manner. Between each
of the steps the fluid was allowed to reach
thermal equilibrium. Two different sets of
boundary conditions were applied. Firstly, both
planes were held isothermal but in later calcu-
lations the tube wall was maintained at constant
heat flux and constant temperature, more nearly
representing the experiments. The cycle starts
with the gap between the planes at its maximum
and a temperature distribution due to steady
conduction between the planes. Compression
occurs isentropically and the temperature distri-
bution changes. A period of conduction at
constant pressure again occurs until a steady
state is reached. In the instantaneous expansion
the temperature distribution again changes
isentropically, and is allowed subsequently to
return, by thermal conduction, to the steady
state corresponding to the start of the cycle.
Because of the rapid variation of thermal con-
ductivity with pressure and temperature the
local heat flow during the cycle is difficult to
visualize. In fact heat can flow locally to the
fluid after compression and from the fluid after
expansion, the requirements for a work output.
The calculations were aimed at determining
whether the net output could be positive. It was
found to be positive for cases in which the wall
temperature was above 400°C and heat flux
was between 15 and 45 MW/m?. The applied
pressure fluctuation was between 5 and 30 bars
on a steady level of 260 bars. This maintained
the low density region very close to the wall.
There is a considerable amount of literature
on thermoacoustic phenomena in less highly
variable property fluids, e.g. the reviews by
Feldman [17, 18] and the work of Rott [19],
which is relevant to the present study but remains
difficult to connect in a definite manner.
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CONCLUSIONS

Forced convection experiments have been
carried out using supercritical pressure water
at 250 bars (P/P, = 1-18) flowing in small bore
tubes at inlet bulk Reynolds numbers between
4-8 x 10*and 9 x 10* The heat flux on the tube
wall was approximately uniform. Specific con-
clusions may be drawn as follows:

(1) The high frequency audio oscillations
appeared when the inside wall temperature over
a large part of the test section exceeded the
pseudocritical temperature and mean flux gener-
ated in the test section reached a critical value,

{2) The oscillations were identified with stand-
ing pressure waves set up in the test section.

(3) The test section axial wall temperature
profiles were observed to change from almost
linear before oscillations to ones with significant
maxima and minima when oscillations occurred.
Local heat-transfer coefficients varied by up to
100 per cent between these maxima and minima.

{4) Calculations indicate that in the vicinity
of maxima in the pressure fluctuation there are
maxima in wall temperature and minima in
heat-transfer coefficient, and that zeros in
pressure fluctuation are associated with minima
in wall temperature and maxima in heat-transfer
coefficient.
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OACOUSTIQUES LORS DE LA CONVECTION
L’EAU SOUS PRESSION SUPERCRITIQUE

Résumé— Des mesures de transfert thermique sont présentées dans le cas d’eau sous pression supercritique
qui s’écoule a travers des canaux horizontaux de petit diamétre sous la condition d’uniformité du flux
thermique. Les expériences ont été conduites de fagon a produire les oscillations 4 haute fréquence
précédemment observées et qui étaienti spontanément produites lors du transfert thermique a hydrogéne
ou i I’eau sous pression supercritique. On a mesuré les fréquences d’oscillation et on montre qu’elles sont
associées aux oscillations de pression, dans la section d’essai résultant d’une onde de pression existant

entre I'entrée et la sortie. Plusieurs modes d’ondes stationnaires ont ét€ identifiées. On a mesuré avec soin
les distributions de température pariétale et les coefficients de transfert thermique ont été déduits. On

constate que la distribution du coeffi¢ient de transfert thermique le long de la section de mesure a une
variation fortement influencée par les fluctuations de pression locales.

THERMO-AKUSTISCHE
WASSER BEI UBERKRITISC

CHWINGUNGEN BEIM WARMEUBERGANG AN
EM DRUCK UND ERZWUNGENER KONVEKTION

Zusammenfassung— Diese Arbeit beschiftigt sich mit dem Wirmeiibergang an Wasser bei iiberkritischem
Druck. das unter den Bedingungen konstanten Wirmestroms durch horizontale Rohre kleiner Bohrung
fliesst. Die Versuche waren dazu bestimmt, Schwingungen hoher Frequenzen zu erzeugen, deren plotzliches
Auftreten schon frither beim Wirmeiibergang an Wasserstoff und Wasser bei iiberkritischem Druck
beobachtet worden war. Es zeigte sich, dass die Schwingungsfrequenzen, die gemessen wurden, von
Druckschwankungen in der Teststrecke begleitet waren, die aus einer stehenden Welle zwischen Ein- und
Austritt resultierten. Verschiedene Arten stehender Wellen wurden festgestellt. Aus genauen Messungen
der Wandtemperaturverteilung wurden die Warmeiibergangskoeffizienten berechnet. Die Verteilung
des Wirmeiibergangskoeffizienten entlang der Mess-Strecke scheint zu variieren, was zeigt. dass diese
Verteilung sehr stark durch ortliche Druckschwankungen beeinflusst wird.

TEPMOAKYCTUUYECKUE KQOJIEBAHUA IIPU BBIHYKEHHOII KOHBEKIIUN
B BOJE B VCJIOBNAX CBEPXKPUTHMYECHOTO JABJEHUA

AHHOTANMA—B CcTaTbe NPUBOJATCA JAHHEIE 0 M3MEPEHMIO TeNJ000MeHa IIpHU TeYeHUH BOJbL
B FOPMBOHTANILHEIX TOHKMX TPpYOKAX B yCIOBHAX CBEPXKPUTHUECKOTO TaBIEeHHA U paBHOMEp-
HOr'0 TEIJIOBOTO MOTOKA. JKCIEPUMEHTHI MPOBOIUINCH C LEJbI0 CO3JaHUA BHICOKOYACTOTHBIX
roseGanuit, Panee 0BIO 3aMedyeHO, UTO BTH KOJeOAHMA BO3HUKAIOT CAMONPOM3BOJIBLHO IIpHU
MepeHoce Teryia K BOJTOPOAY M BdJe B YCIOBHAX CBEPXKDHUTHUECKOro AaBieHus. IlokasaHo,
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4TO MBMEPEHHBIE YACTOTH KONeGaHUI CBA3AHB C MBMEHEHNAMM JaBjeHus B pafodyeM ydacTke

B pe3yiabTaTe BOBHMKHOBEHMA CTOAYENl BOJHBI MEMIY BXOAOM M BuXofoM. OOHapyeHO

HECKOJILKO BHJOB CTOAYMX BOJIH. VI3MepeHH! pacnpejelleHMA NPHCTEHHOH TeMIIepaTypH, U

paccunTasl KO3(QQUIMEHTH Tel100fMeHa. YCTaHOBIEHO, 4TO KojeGaHuA JIOKAJbLHOIO

HaBleHHA OKA3HBAIOT CHIbHOE BINAHMe HA pacnpefeneHue KOdPPUUMEHTOB TenyoobMeHa
B pafoueM yd4acTKe.



