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Absiract

Experiments were performed under pool conditions on horizontal wires in two different pressure
vessels filled with supercritical carbon dioxide. The pressure ratio ranged from Pb/Dc= 1.002 =

1.29, the temperature ratio ty/t. =

0.322 + 1.77, Platinum and nickei-chromium alloy wires were

used. Enhancement in heat transfer, with peaks in the heat transfer coefficients, strongly depends
on the relation of buik- and fiim~temperature to the pseudo-critical temperature, The formation of
bubble-like structures on various nichrome wires was observed in either vessel,

NOMENCL ATURE

: Specific heat, kJ/kg K
: Constant

QUO

d : Diameter, mm 2
h : Heat transfer coefficient, W/cm" K
k : Thermal conductivity, W/m K

| ¢ Length, mm

n : Exponent

t : Temperature, °C

p : Pressure, bar

q : Heat flux, W/cm2

Nu : Nusselt-number

Pr . Prandtl-number

Ra Rayleigh-number

B : Coefficient of thermal expansion, /K
v ! Kinematic viscosity, m2/s

Q Density, kg/m3

Subscripts

b : Bulk

c : Critical

F : Film

pc : Pseudo-critical

w : Wire

1. INTRODUCTION

Application of high pressures and temperatures
in modern power plants, transport problems
with cryogenic fluids in rockets or utilization of
superconductivity effects, revived interest in
heat transfer phenomena in the thermodynamic
supercritical region,

An excellent survey of research in this field,
done in many countries untii 1970, is given by
Hendricks et al. [ 1] . For briefness only this
reference shall be quoted here for the many
papers considered in this work.

Here, two main points of dispute for the en-
hancement of heat transfer are given extensive
experimental investigation: influence of the ther-
modynamic state and boiling-like action.Experi-
ments were performed in a free convection pool
arrangement thus providing high accuracy in
control of temperatures of both the critical
fluid and the heating element, and avoiding
pressure and velocity fluctuations induced from
outside, Possible influences of Pressure vessel

geometry could be observed by using two differ-
ent pressure vessels, a cylindric one (c) de-
scribed in [2] and a rectangular one (r) de-
scribed in [3] . For heating elements, horizon-
tal wires of lengths 70 mm (c) (= used in the
cylindric vessel) and 100 mm (r), and of differ-
ent diameters 0,05; 0,1; 0,25 and 0,3 mm
were used., The wire material was either plati=~
num or Ni-Cr-alloys; the test fluid was carbon
dioxide,

With fluid pressures of 74, 75, 80, 85, 90, 95
bar a pressure range of pp/pc = 1.002 <+ 1,287
is covered and with bulk fluid temperatures of
10; 20; 25; 28; 30,5; 3i; 32; 55 °C a temper-
ature ratio of tb/tc = 0.322 + 1.771, Tempera-
ture differences between the heated wire and
the bulk fluid came up to 900 K,

2. EXPERIMENTAL PRCCEDURE

The experiments were performed at constant
pressure and constant buik temperature. The
pressure was kept constant by using charge
vessels connected to the test vessels but hea-
ted separately. Fluid bulk temperatures were
preserved by submerging the vessel (c) into a
thermostatically controlied bath or by having
thermostat water running through tubes sur-
rounding the pressure vesse! (r) with good
thermal contact. The electric input to the wire
was altered in steps, thus changing the wire
temperature and the driving temperature differ—
ence, For power supply a high accuracy AC-
transformer was used, Wire temperatures were
determined from the voltage drop across the
wire and a calibrated normal resistance, thus
the wire was made a resistance thermometer,
Fluid bulk temperatures were obtained from two
thermocouples within the pressure vessels. All
electric data were registered on a HP-digital
voltmeter and processed on a data acquisition
system. Pressures were read from Heise-gauges.

3. THERMCPHYSICAL PROPERTIES

For any state,thermophysical properties were
recalled from computer programs. Density @,
specific heat cp = (dh/3T), and the coeffi-
cient of thermal expansion B ={-1/c}{(d¢/ BT)p
were derived from an equation of state given



in [ 4] and compared to other equations [ 5].
Data for thermal conductivity k and the dynamic

viscosity ¥ are based on equations given in[6].

For pressures applied in these experiments the
respective pseudocritical temperatures, ratios
of critical to pseudo-critical pressures and
temperatures are given in table 1,

Two sets of curves differing distinctly in dq/dtW
are obvious. For bulk fluid temperatures ty, =
25; 28; 30,5 °C,which are smaller than the
pseudo-critical temperature of t . = 31.2 oC,
pertinent to the pressure of 74 bar (tabie 1),
the increase dq/dty, is considerably larger than
in those cases where the bulk fiuid temperature

P = Poc 74 75 80 85 90 95 bar
(o]
t 31,2 31,7 34,6 37,3 39,9 42,3 c
pc
pc/ppc 0, 9978 0,9845 | 0,9229 0, 8686 0,8204 P, 7772 -
t )t 0, 9955 0,9798 | 0,8977 | 0,8327 0,7785 P, 7343 -
c’ pe
TABLE 1

For the critical state of COy, p. = 73.84 bar,
t.=31.06 ©C, For a given supercritical pres—
sure, the respective pseudo-critical tempera-
ture is defined as that temperature where the
specific heat reaches a maximum. (ln literature
also "transposed critical temperature" is used).
It is worthy to note from table 1 that an ap-
proximation is valid for pressuresup to 80 bar:
|:’c/ppc =~ tC/tpC'

4. RESULTS AND DISCUSSICON

4.1.1. Platinum wires in_the rectangular vessel.

For a constant pressure of 74 bar and a varie-
ty of 6 bulk fluid temperatures, the heat flux
from a platinum wire, 100 mm long and 0.1 mm
in diameter, is given in figure 1 as a function
of wire temperature.
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Fig. 1: Heat flux q vs, wire temperature t for var-

ious bulk temperatures at constant bulk
pressure,

exceeds the pseudo-critical temperature, for

tp = 31.5; 32; 35 °C, With the heat transfer co-
efficient h ~ dg/dty,,consequently the heat trans-
fer is larger for conditions t, < tpe than for

th > tpe, and the S-shape of curves for ty,<thc
indicates a maximum in h.

In figure 2 these results are presented with
heat transfer coefficient vs. wire temperature
corresponding to the parameters of figure 1.
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Fig.2: Heat transfer coefficient h vs.wire tem-
perature t,, for various bulk tempera-
tures at constant bulk pressure.

Distinct peaks are obtained only for bulk fluid
conditions below the pseudo-critical, i.e. with a
given pressure pp = Ppc = 74 bar for tempera-
tures tp< tpe = 31.2 ©C.The closerthe bulk tem-
perature is to the pseudo-critical the more pro-
nounced are these peaks. For bulk temperatures
exceeding the respective pseudo-critical only a



little, tp 2 the, the heat transfer coefficient
drops off remarkably in a way as if an h-peak
value has just been exceeded, A characteristic
curve is given for a fluid temperature of t, =
31.5 °C. At a temperature ratio tp/tpe = 1.12,
for t, = 35 °C, the heat transfer coefficient
remains almost constant at a value of about
15% of the largest peak value. A small hump is
observed for heat transfer coefficients connec-
ted to small temperature differences,

Such a behaviour is characteristic for other
bulk pressures as well, and the formation of
peaks is not restricted to bulk temperatures
below the critical temperature, as might be

conciuded from figure 2.

In figure 3 the heat transfer coefficient is pre-
sented for a constant supercritical bulk temper-
ature t, = 31.5 °C and a variety of six pres-
sures. The pseudo-critical pressure correspon-

ding tot =t =31.50C is around 74. 8 bar.
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Fig.3: Heat transfer coefficient h vs., wire
temperature t,, for various bulk pres-
sures at supercritical bulk temperature,

For the thermodynamic state of the CGy in the
vessel, this means that pseudo-critical condi-
tions are aiready exceeded for tp = 31.5 °C and
Pp = 74 bar, they are not yet reached, how-
ever, for bulk pressur‘espb) 75 bar., Conse-
quently the heat transfer coefficient decreases
to low values for P = 74 bar while peaks form
for all other pressures applied.

4.1.2 Platinum wires in the cylindric vessel

These experiments were performed with wires
70 mm long and 0,05 mm or 0.3 mm in diameten
Temperature differences, t,, - t,, up to 900 K
were applied. For this reason, the temperature
difference is plotted on a logarithmic abscissa

scale in figure 4. In this diagram the heat
transfer coefficient on a 0.3 mm wire is plotted
for a constant bulk pressure Pp = 85 bar and
six different bulk temperatures, In all charac-
teristics the curves are alike those described
for the rectangular pressure vessel, so that
pressure vessel influences as causes of heat
transfer pecularities can be excluded.
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Fig.4: Heat transfer coefficient h vs, tempera-
ture difference tp - ty for various bulk
temperatures at constant bulk pressure
(cylindric pressure vessel, platinum wire:
d=0.3mm, | = 70 mm).

The favourable heat transfer conditions encoun-
tered when the bulk fiuid temperature is below
the pseudo-critical are maintained -although
less prondunced- up to temperature differences
of about 900 K. Thus, for technical use, it is
advantageous in any case, to span the pseudo-
critical temperature between heating element
and fluid temperature,

It is also observed from figure 4 that the en-
hancement of heat transfer coefficients is not
restricted to only very small temperature dif-
ferences. For a bulk temperature t, =10 °C
e.g.a peak, amounting to a 100% increase in
heat transfer coefficient, is found for a temper-
ature difference of 33 K. Comparing figure 4 to
2 it is observed that peak values of h are
larger for bulk conditions closer to the critical
point. Thus, both a&n influence of critical and
pseudo-critical temperature appears inherent in
heat transfer in the supercritical region,

4,2 Nickel-chromium-alioy wires

These experiments were performed in both the
rectangular and the cylindric pressure vessel.
U. S. nichrome wires No,V and VIl, with a dia-
meter of 0,254 mm (0.01 inch) and German
Chronitherm-wires (diameter 0.25 mm) were used,
In figure 5 a comparison of heat flux is presen-
ted for nichrome VII (0.254 mm) and platinum
wires of 0.05 and 0.3 mm diameter, each 70 mm
long and at constant bulk conditions P, = 85 bar,
ty = 31 OC. A deviation of the nichrome wire
data is obvious. This deviation is due to spe-
cial phenomena such as wire oscillation and
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Fig.5: Comparison of heat flux q vs. wire
temperature for platinum and nichrome
VIl wires, at constant bulk temperature
and pressure {cylindric pressure vessel,
wire lengths: | = 70 mm).

formation of bubble-like structures, These phe-
nomena are described in detail in [2], [7].

In figure 5, the unusual increase of nichrome
wire heat flux for wire temperatures beyond

t = 100 °C results from the onset of oscilla-
tions of the wire and successive formation of
bubble-shaped structures on the lower side of
the wire. While observable oscillations ceased
at around t = 150 °C, the formation of bubble
structures continued up tot = 300 ©C, These
bubbles were best visible when bulk pressure
was high and bulk temperature fow (t, < t ),
but they also appeared with bulk conc?itiongcex—
ceeding the pseudo-critical state for both ni-
chrome and chronitherm wires. Test runs for
thermodynamic conditions as given in [ 2] yiel-
ded perfect agreement to those results. On a
platinum wire, under exactly the same experi-
mental conditions no such phenomena were ob-
served. This suggested the assumption that the
phenomena are material specific, Investigation
in this respect revealed the following differ-
ences:

Observation of fluid flow arocund platinum and
nichrome wires showed that the turbulent buoy-
ancy plume never adheres to the platinum wire
but sticks to the nichrome wire when a certain
heat flux is reached.

For platinum, the flow around the wire appears
faminar and becomes turbulent some distance
above the wire, This principal pattern remains
up to wire temperatures t,, = 900 °C, For nickel-
chromium alloys the laminar circumflow ceases
with the onset of wire oscillation when the
turbulent plume periodically comes to a touch
with the wire at around t,, = 100 °C, When the
turbulent zone permanently adheres to the wire,
at t,, = 150 °C, the oscillations cease.

Surface finish of platinum and nichrome wires
were compared in a Raster-Electron microscops
at a 2000 times magnification. Platinum is the
softer material and its surface appears relati-
vely smooth compared to nichrome with crates
and cracks forming a rough surface. A test run

with an artificially roughened (sand-papered) pla-
tinum wire did not bring extraordinary results
comparable to nichrome. A test run with half
the chronitherm wire annealed and oxidized
while the other half remained blank, did not
bring differences in flow patterns,

The temperature coefficient of electrical resist-
ance for platinum is about 15 times as large as
that for nichrome, Moreover, the temperature
dependance of the electrical resistance of ni-
chrome does substantially deviate from the line-
ar at temperatures exceeding 350 °C, Repeated
catlibrations of the nichrome wires produced
ageing and hysteresis effects amounting to 8%
deviations.

More detailed research on possibie high fre-
quency osciliations of the wire or on chemical
reaction of nichrome components is performed,

5. CORRELATIONS

A Nusselt type correlation of the simple kind
Nu = CRa" is given in figure 6 for 0.3 mm
platinum wire data at a bulk pressure of Py =
75 bar. All properties are taken at fiim tempenr
ature tg = (tp + tw)/2. Radiative heat transmis-
sion is neglected,

Roughly three different curves can be related
to the data: a branch [, correlating the data
for bulk and film temperatures smaller than
the pseudo-critical temperature; a branch II
for the case where the bulk temperature is still
below the pseudo-critical but with film temper-
ature exceeding it and a branch III for data
obtained when both bulk and film temperature
exceed the pseudo-critical temperature, Curve ]
characterizes increasing Nu with increasing Ra,
while II gives decreasing Nu with decreasing
Ra. For curve I, at t, = 35 °C, Nusselt—-number
values fall on one line for both increasing and
decreasing Rayleigh-numbers; for tp = 55 °C,
however, this does not hold, These data re-
presenting a thermodynamic state in the pres-
sure vessel, somewhat removed from the near
pseudo-critical seem to approach curve I,
Scatter in correlation data is very large for
the highest Rayleigh-numbers coinciding with
the pseudo-critical state. Principally the same
characteristic curves are obtained for other
bulk pressures, For higher bulk pressures the
scatter in correlation data is less.

6. CONCLUSICNS

6.1 identical experiments performed in two
pressure vessels of different geometry prove
no major influence of geometry on heat trans-
fer pecularities in the near critical region,

6.2 Results for heat transfer coefficients re-
veal a decisive importance of pseudo-critical
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Fig. 6: Correlation of Nusselt-number vs. Rayleigh-number for various bulk temperatures at
constant bulk pressure (cylindric pressure vessel, platinum wire: d =0.3 mm,| =70 mm).

states for heat transfer in the supercritical
region. Roughly three different tendencies are
discerned, depending on bulk-, film- and
pseudo-critical temperatures at a given pres-
sure:

an increasing heat transfer coefficient for:

ths te < tpC

a decreasing heat transfer coefficient for:

ty, < tpc< te

a decreasing or an almost constant heat trans-
fer coefficient for: tyy > the »

6.3 Different location and inclination of curves
in a Nusselt type correiation suggest a sub-

division of correlation eguations specific to
each temperature region listed in 6.2,

6.4 ldentical experiments performed with pla-
tinum and nichrome wires proved heat transfer
phenomena encountered with nichrome wires to
be material specific,
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