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Introduction
The interest in the research field of heat transfer at supercritical fluids came because of the
considerations to use supercritical water as coolant for several nuclear reactors, helium used at nearcritical conditions as coolant for conductors of electrical machines and the cooling of rocket motors
under supercritical conditions.
Heat transfer experiments are complex due to the extreme variation of the physical properties with
temperature, with as a result that theoretical and empirical models become useless. Also difficulties
occur concerning high operating pressures, high compressibility which makes the density sensitive to
relatively small pressure variations and the high specific heat which can hinder the achievement of a
thermal equilibrium.
Far from the critical region, either at subcritical or supercritical pressure, the property variations are
less severe and the existing theoretical and empirical methods generally acceptable. Severe property
variations with significant heat transfer effects as a result occur in the pressure region from the
critical up to about 1.2 times the critical pressure.
Physical properties near the critical point
Thermodynamic properties
Experimental examinations near the critical point become very difficult due to the density variation
with small pressure change and large values of the specific heat cp which makes it difficult to come
to a thermal equilibrium.
A deeper understanding in the heat transfer processes and occurring regimes is necessary to fully
understand the heat transfer in the critical region. The effects of buoyancy and the orientation of the
flow, turbulent diffusion, etc. are important factors.
Heat capacity near the critical point
The specific heat capacity at constant pressure becomes infinite at the critical point according to the
van der Waals model. In practical heat transfer systems the pressure will be kept above the critical
point, so singularities will be avoided. It is to be noted that even at pressure above the critical point,
the peak of the specific heat cp is still large.
Transport properties
The variations near the critical region of the viscosity and the thermal conductivity for carbon dioxide
are illustrated in the figures below. The thermal conductivity becomes infinite near the critical point
[1].
The above remarks about the singularities in thermal conductivity k and specific heat cp for
conduction and forced convection are also applicable for free convection. The Grashof number, a
dimensionless parameter controlling the free convection is defined as the approximate ratio of the
buoyancy to viscous force acting on a fluid:
𝐺𝑟 =
𝑔 Δ𝜌𝐷 3
𝜌 𝜈2
Where Δ𝜌 is the characteristic density difference between the fluid at the heated surface and that
outside the thermal layer. Most fluids have a rather constant expansion coefficient 𝛽, so the Grashof
number can be written as:
𝐺𝑟 =
𝑔 𝛽 Δ𝑇 𝐷 3
𝜈2
The problem is that at the critical point the expansion coefficient becomes infinite, so that the latter
equation cannot be used. However the first equation is still applicable as Δ𝜌 remains finite as the
temperature crosses the critical region.
Forced convection
Most of the date obtained for forced convection near the critical point has been obtained for pipes
and channels with uniform cross section. Recently also non-circular sections have been investigated.
For the simplification mostly a uniform heat flux is used to heat the supercritical fluid.
Even with this simplified practical setup, the obtained experimental results are quite different even
for the same sets of data. Also most of the experimental results are matched by the correlations
which are developed to describe them.
Methods of presentation of Data
For constant property fluids, the heat transfer is proportional to the temperature difference between
the surface and the fluid and is a consequence of the fact that the energy equation is linear in
temperature, and the heat transfer process does not affect the flow process. The presentation of the
experimental data is then mostly in a form which neither the temperature of the heat transfer
surface nor that of the fluid is explicitly given. For fluids near the critical point, such a presentation is
wrong because of the non-proportionality with variable property fluids.
To illustrate this, the same data is presented in different forms using carbon dioxide at a pressure of
75.8 bar (pcrit = 73.8 bar) flowing downward in a heated vertical tube with a diameter of 1.9cm [2].
The behaviour of the fluid is usually related to the pseudo-critical temperature (32&deg;C at 75.8bar),
rather than the critical temperature (31.04&deg;C at 73.8bar).
Experimental measurements
The measured parameters were the mass flow, the fluid inlet temperature, the heat input (nearly
uniform wall heat flux) and the temperature of the pipe wall which was measured at intervals of one
pipe diameter along the length of the test section.
Figure 6 shows the variation of the wall temperature T0 along the pipe for 3 different heat fluxes,
with the same mass flow and fluid inlet temperature.
Description in terms of local conditions only
For constant property fluids at a certain point after the inlet section, the velocity and the
temperature distribution across the pipe becomes invariant and a fully developed fluid flow has been
set. In literature sufficient data is available and it is common that this condition sets in about 10 to 20
pipe diameters after the inlet section. As the properties of the fluid near the critical region vary with
temperature and thus also with the distance along the pipe, a hypothesis of a fully developed is less
reliable.
Figure 7 shows the results presented in the form of heat flux against wall temperature, with the
fluids bulk temperature Tm as parameter. The bulk fluid temperature has to be calculated by
applying a heat balance from the pipe inlet to the point in question by knowledge of the enthalpy in
function of the temperature.
The dotted lines are fitted because they were not measured. The point where they intersect the T0
axis, is the point where q=0 and T0=Tm. The slope of the curves at this point gives the limiting value
of the heat transfer coefficient as the temperature difference tends to zero.
Presentation in terms of a heat transfer coefficient
If the same results are presented in terms of a heat transfer coefficient versus wall temperature for
various bulk temperatures, one might think that high heat fluxes are possible with small temperature
differences, while in figure 7 it can be seen that is not possible.
The use of the heat transfer coefficient for supercritical fluids has been questioned by Goldman [3].
Generally the heat transfer coefficient is expressed as a relation between the dimensionless
parameter of Nusselt, Reynolds and Prandtl. Goldman, however, suggested collecting all the
temperature dependent terms in the dimensionless groups.
𝑁𝑢 = 𝑐 𝑅𝑒 𝑛 𝑃𝑟 𝑠
With c, n and s constants he obtained
𝑞0 𝑑1−𝑛
= 𝑓(𝑇0 , 𝑇𝑚 )
(𝜌𝑢)𝑛
This presentation resembles more to the data presented in Figure 7, but it suggest that there is a
variation with the pipe diameter d and mass velocity 𝜌𝑢.
The latter equation is, however, as valid as the former equation, because it is derived from that one.
Presentation in terms of dimensionless groups
Using the correlation developed by Miropolsky and Shitsman, the same data as in Figure 8 is
presented in Figure 9.
𝑁𝑢𝑚 = 𝑐 (𝑅𝑒𝑚 )𝑛 (𝑃𝑟𝑚𝑖𝑛 )𝑠
The Nusselt and Reynolds number are evaluated at the bulk temperature, while the Prandtl number
is evaluated at the lower of the bulk and wall temperature. The constant n = 1.4 gives the best fit for
the results.
The problem with such a representation is that the scatter shows a good deal more than in the
original data presented in figure 7, and also the fact that it is impossible to recover the original data
from such a presentation.
Experimental Data
As mentioned before most of the data exist for circular pipe cross sections with a uniform heat flux
boundary condition. Even with such a large amount of data, still in some cases it is not possible to
correlate the results due to occurring physical phenomena.
Figure 10 and 11 are examples of variation between experiments, this in all cases for water in a
circular pipe with a uniform heat flux.
For similar entry conditions, the wall temperature is expected to be a function of the bulk enthalpy,
the mass velocity, the pipe water and the wall heat flux.
Figure 1: Experimental wall temperature distributions as a function of local bulk enthalpy along a pipe: p = 1.05 pcrit and
p = 1.15 pcrit [4].
Table 1: Experimental wall temperature distributions as a function of local bulk enthalpy along a pipe: p = 1.05 pcrit [4].
a
b
c
d
e
Shitsman [5]
Shitsman [5]
Shitsman [5]
Domin [6]
Domin [6]
𝑞 (𝑊/𝑐𝑚2 )
34
28.5
28.0
72.5
72.5
𝑚̇⁄𝐴 (𝑔𝑚⁄𝑠 𝑐𝑚&sup2;)
43
43
43
68.6
72.4
𝑑 (𝑐𝑚)
0.8
0.8
0.8
0.2
0.2
Vertical upward
Vertical upward
Vertical upward
horizontal
horizontal
Table 2: Experimental wall temperature distributions as a function of local bulk enthalpy along a pipe: p = 1.15 pcrit [4].
a
b
c
d
e
f
Vikrev and Lokshin [7]
Vikrev and Lokshin [7]
Schmidt [8]
Schmidt [8]
Domin [6]
Shitsman [5]
𝑞 (𝑊/𝑐𝑚2 )
69.9
69.9
58
82
91
39.6
𝑚̇⁄𝐴 (𝑔𝑚⁄𝑠 𝑐𝑚&sup2;)
100
40
61
61
101
44.9
𝑑 (𝑐𝑚)
0.8
0.8
0.5
0.5
0.2
0.8
horizontal
horizontal
horizontal
horizontal
horizontal
Vertical upward
It is very difficult to compare the different experiments and find a pattern in them, but several
general trends can be found.



The unusual behaviour of the wall temperature occurs just before the bulk temperature reaches
its critical value.
The heat transfer coefficient is strongly dependent on the heat flux.
When the 𝑇𝐵𝑢𝑙𝑘 ≤ 𝑇𝑐𝑟𝑖𝑡 ≤ 𝑇𝑤𝑎𝑙𝑙 , local enhancement (Figure 1 for p = 1.15 pcrit – curve e) and
deterioration (Figure 1 e.g. for p = 1.05 pcrit – curve a and b) can occur in the heat transfer.
From the experimental data in Figure 1 is it clear that the orientation of the heated pipe is from
major importance.
Heat transfer enhancement
On figure 7 and 8 (supercritical CO2 – vertical downward flow – d = 1.095cm), heat transfer
enhancement is visible for small heat fluxes and the condition where 𝑇𝐵𝑢𝑙𝑘 ≤ 𝑇𝑐𝑟𝑖𝑡 ≤ 𝑇𝑤𝑎𝑙𝑙 . As the
heat flux increases, the heat transfer enhancement reduces. The results for a vertical upward flow
are very different.
From the data presented by Tanaka, Nishiwaki and Hirate [9] (supercritical CO2 – vertical upward flow
– d = 1.0cm) in Figure 12, it is noticed that a maximum occurs for the heat transfer coefficient for a
condition where bulk temperature 𝑇𝐵𝑢𝑙𝑘 is slightly below the pseudo-critical temperature 𝑇𝑝𝑐 and
the wall temperature 𝑇𝑊𝑎𝑙𝑙 is slightly above 𝑇𝑝𝑐 . The peak is, as also observed in figure 8, higher for
lower values of the heat flux.
Heat transfer deterioration
Looking at Figure 1, it can be seen that the experiments with horizontal pipes show broad wall
temperature peaks at higher heat fluxes. For a vertical upward flow, sharp temperature peaks are
observed.
Shitsman et al. [10], compared an upward and downward supercritical water flow for several uniform
heat fluxes and found that there is no unusual behaviour for a downward flow, but that for an
upward flow a sharp peak occurs for the wall temperature as the heat flux exceeds a certain value. As
the heat flux rises, the peak in wall temperature occurs more to the inlet section of the pipe.
Jackson et al. [11] performed a similar experiment with carbon dioxide for an upward flow and
found that severe heat transfer deterioration occurs when a certain value of the heat flux is
exceeded. It is to be noted that the deteriorations for CO2 occur for 𝑇𝑊𝑎𝑙𝑙 &gt; 𝑇𝑝𝑐 , while the
deteriorations in water from Shitsman [10], occur below 𝑇𝑝𝑐 as well as above 𝑇𝑝𝑐 . Tanaka et al. [9]
(Figure 12) performed experiments under almost the same conditions as Jackson et al. but no
deterioration was noticed. The only difference was that Tanaka used a 1 cm diameter tube instead of
a 1.905 cm diameter from Jackson. From this comparison, it can be concluded that the diameter is an
important factor in the heat transfer behaviour.
The deteriorations in horizontal pipes are less prompt than vertical upward flow pipes. Miropolsky
and Shitsman [12] measured the temperature distribution for supercritical water around a horizontal
and vertical 1.6 cm diameter pipe (Figure 17). The temperature difference between the bulk
temperature and the upper surface is a lot bigger than the difference between the lower surface and
the bulk temperature. In the conditions presented in FIGURE 17, this leads to a reduction in heat
transfer coefficient of about a factor 4 compared to the lower surface. This difference occurs in also
in situation where there are heat flux variations around the circumference of the pipe. More detailed
investigation is necessary.
Gaps in the experimental data
Conflicting results from experimental data when comparing then are the cause of differences in
experimental arrangement.
Summarising the results from previous experiments, it was found that heat transfer deterioration
occurs with upward flow only and that this deterioration can be reduced by applying a lower heat
flux or using a smaller pipe diameter. As will be discussed later, buoyancy will have a big influence in
the heat transfer differences between an upward and a downward flow.
Most of the data presented in papers are for carbon dioxide. Data for supercritical water is less
available because of the large pressures needed to work with supercritical parameters.
Hall did some suggestions in his review for further experimental research [13].




Experiments should be done for upward and downward flow.
Testing different pipe diameters.
Detailed pipe wall temperature measurements in axial as well as circumferential directions
are necessary (e.g. Jackson et al. [11] used 200 thermocouples on a 1.9 cm diameter pipe
over a length of 3m).
More detailed work is necessary for horizontal pipes.
Hall [13] compared 3 sets of data for supercritical CO2 with both an upward and a downward flow in
a vertical pipe. The comparison was between the data of Shiralkar and Griffith [14], Jackson et al.
[11] and Bourke et al. [15], where only the test section diameter differs. TABLE … shows 3 similar
experiments.
FIGURE … shows the wall temperature as a function of the bulk enthalpy for a downward and upward
flow.
No significant difference was found between an upward and downward flow for the data of Shiralkar
and Griffith [14], while for larger pipe diameters, Jackson et al. [11] and Bourke et al. [15] observed
sharp peaks for an upward flow, as already seen in experiments by Shitsman [5] in Figure 1.
Furthermore, the wall temperatures for an upward flow are lower than the ones for a smaller
diameter. For a downward flow, no significant peaks are noticed and the wall temperatures are
lower than those for the small pipe.
Griffith and Shiralkar propose a mechanism for the deterioration in heat transfer which depends
essentially on physical property variations across the pipe. Thus when the pipe wall passes through
the critical temperature there appears at the wall a low conductivity “gaslike” layer, the core
remaining in a “liquidlike” state moving with a relatively low velocity; the heat transfer coefficient is
therefore reduced. As a greater proportion of the fluid is heated through the critical temperature,
the flow velocity increases and the heat transfer coefficient is thereby restored to something like its
initial value.
While the above mechanism may be valid in the absence of buoyancy effects (i.e., at low values of
Gr/Re1.8), it is radically modified when these effects are large. A mechanism for the effect of
buoyancy is proposed in Section VI, where it is suggested that the shear stress distribution across the
pipe, and hence the turbulence production, is drastically modified. With upward flow the shear stress
is rapidly reduced to zero in the core as the wall passes through the critical temperature and is then
reversed, thus re-establishing turbulence production; the heat transfer coefficient thus passes
through a minimum and then increases. For downward flow the effect of the buoyancy forces is
always to increase the shear stress in the core of the flow and thus to improve heat transfer. The
effect described by Shiralkar and Griffith may also be present, but at the higher values of Gr/Re1.8, it
appears to be completely dominated by the buoyancy effect.
Correlation of Experimental Data
The great virtue of dimensionless correlations is that, by grouping the variables, one is able to
describe a particular situation by a smaller number of parameters. With constant property fluids
there is, in this respect, no distinction between the physical properties and the other parameters
governing the flow; thus we may achieve Reynolds number similarity between two systems by
adjusting any of the component parameters, p, d, u, or p. The situation is very different when the
property variations are large. Formally, one might introduce further dimensionless ratios to describe
the property variations; for example the variation of viscosity with temperature could be expressed
by a series of dimensionless ratios
where T, is some reference temperature. Unless the variation is particularly simple one might require
a large number of such groups and thus reach the rather ridiculous situation where the result of
dimensional analysis was a series of groups far greater in number than the original quantities needed
to specify the problem. In this situation it is simpler to specify the fluid, the boundary conditions
(flow and heat transfer) and accept the fact that there is little to be gained by comparisons between
different fluids.
This is perhaps an unduly pessimistic view of the situation as far as supercritical fluids are concerned,
for it is possible that one might be able to make use of reduced coordinates (of temperature and
pressure) to describe property variations in similar classes of fluids in the critical region. On the other
hand it cannot reasonably be claimed that the use of dimensionless parameters has done much, so
far, to clarify the situation.
Hall [13] stated in his review that the effect of dissipation is negligible, acceleration effects can be
important and that buoyancy effect is a major factor at any rate when the flow is vertically upward.
Existing correlations don’t take the acceleration and buoyancy effects into consideration. In most
cases the influence of these effect are neglected, which reduces the range of its applicability.
TABEL … gives an overview of the correlations for supercritical heat transfer. Most of these
correlations have the form of a constant property fluid, where the Nusselt number is expressed as a
simplified function of Reynolds and Prandtl with extra property ratio terms.
A comparison of these correlations for one case of supercritical water at 254bar (p/pcrit=1.15) if
given in FIGURE … . The heat transfer coefficient is given as a function of the wall temperature for
constant bulk temperature. It is clear that there exist a lot of scatter between the correlations, but
some of them show indeed the trend of enhanced heat transfer when the wall temperature
approached the pseudo-critical temperature. The problem with these correlations is that they do not
even take the orientation of the flow and the interaction of this with buoyancy into consideration.
An alternative, instead of using dimensionless parameters, semi-empirical correlations were
developed by solving the equations of motions and energy using empirical data on turbulent
diffusion. The problem here is that appropriate mathematical functions have to be developed to fit
an empirical result to the disadvantage of the physical understanding of the phenomena. This will not
be considered in this literature study, as the focus of this study is on experimental research.
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