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DARIUSZ P. MIKIELEWICZ!

Modelling of a buoyancy-influenced flow of supercritical pressure
helium in a heated vertical pipe?

The work reports the results of the numerical simulations of the experiments performed on buoyan-
cy-influenced ascending and descending flow of supercritical pressure helium in a heated vertical tube
using the Launder and Sharma low-Reynolds number k ~ ¢ turbulence model. The response of the turbu-
lence model has been found to be remarkably satisfactory under such severe conditions. However, the mo-
del is still not reliable enough to be recommended for the adequate modelling of the buoyancy-influenced
flows.

Nomenclature

B —  buoyancy parameter, Nuw - Nusselt number, g, D/(Tw — Tp)),
Gr[Re?42% /P08, P —  pressure,

cp — specific heat capacity Pr —  Prandtl number, Cpu/X,
at constant pressure, q - wall heat flux,

C1,C2— constants in modelled Te% - cylindrical polar coordinates,
dissipation equation, Re —  Reynolds number, pW; D/,

C, — constant in constitutive equation Re;y - turbulence Reynolds number, k2 /ve,
of eddy viscosity model, t —  time,

D — term in low-Reynolds-number, V,W —  mean velocity in 7, 2 directions,
k-equation, pipe diameter, yt —  non-dimensional distance

E — term in low-Reynolds-number from the wall,

fa — function in dissipation equation, € - modified rate of dissipation of

fu — function in constitutive equation turbulence kinetic energy, ¢ = ¢ — D,
of k ~ ¢ model, A —  thermal conductivity,

g — acceleration due to gravity, n —  dynamic viscosity,

Gr - Grashof number, [J’gD4qﬁ2/,\/;42, v —  kinematic viscosity,

h —  enthalpy, P - density,

k —  turbulence kinetic energy, o —  turbulent Prandtl number

0k,0e¢ —  turbulent Prandtl number for diffusion
of ke,
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Subscripts

b - bulk, w - wall.
t - turbulent,
Abbreviations
LS - Launder and Sharma low-Reynolds k ~ ¢ model [2],

1. Introduction

In view of the complexity of the phenomenon of turbulence, its analysis and
modelling present great difficulties. In recent years, there has been a great con-
centration of effort in industry on computational modelling of problems involving
turbulent fluid flow and heat transfer, usually using codes of considerable versati-
lity. It is sometimes mistakenly assumed that the turbulence models incorporated
in such codes possess more universality than is the case and this can lead to in-
correct usage of the codes and wrong conclusions being drawn from the results
obtained. Particularly supercritical heat transfer numerical simulations demand
superior knowledge of the turbulence model which is to be used. Therefore the
role of throughout validation of the turbulence model based on empirical data is
decisive in justification of a particular turbulence model.

Supercritical heat transfer has received much attention in recent years and
there are several review articles [1-5] regarding the phenomena involved there.
The main problem in supercritical heat transfer has always been perceived in the
large property variations which occur near the critical point. Moreover, the effec
of buoyancy forces, particularly in upflow in larger tubes, has been 1ecogn1zed and
identified as the cause of the sharp deteriorations in heat transfer encountered
under these conditions. Most of the papers dealt with the case of supercritical
pressure carbon dioxide and water, less attention being paid to other supercri-
tical pressure fluids. On one hand this could probably be attributed to the lack
of accurate thermal property data, which is still not reliable enough for accurat:
numerical modelling.

In the buoyancy-aided heat transfer, heating of a thin layer of fluid near ths
pipe wall causes it to become buoyant. In such case this helps to overcome the
shear force exerted by the wall on the fluid. As a result, the shear stress experien-
ced by the fluid outside the buoyant layer is lower than it otherwise would be anc
the production of turbulence is reduced. The flow thus takes the characteristics
of the flow corresponding to a lower flow rate having lower turbulence level. Th:
greater the buoyancy influence, the more the turbulence is reduced. A stage :
eventually reached where the force on the buoyant fluid is sufficient to complete!
overcome the wall shear. As a result, the core fluid does not experience any shear
Under such conditions the turbulence production will be switched off complete!
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and the flow can then be said to have become laminarised. Further increase of
buoyancy leads to exerting the pressure in the opposite direction on the core fluid.
This readily leads to recovery of turbulence production. With further increase of
buoyancy influence, turbulence becomes more increased. The modification of the
turbulence properties of the flow with build-up of buoyancy influence has a direct
bearing on the effectiveness of heat transfer. Thus, with progressive increase of bu-
oyancy influence, the heat transfer coefficient for upward flow in a heated vertical
tube firstly becomes impaired, then falls to a minimum when the laminarisation
stage is reached and subsequently recovers, eventually becoming enhanced. In
descending flow the effect of buoyancy is in the opposite sense. As a result the
turbulence is increased and the flow progressively takes the characteristics of the
one corresponding to higher flow rates. Consequently, the heat transfer becomes
progressively enhanced.

The author has already embarked on the path for searching a universal tur-
bulence model which would be applicable to the cases of buoyancy influenced
flows in vertical heated pipes [6]. From that work it had been concluded that the
Launder and Sharma k ~ ¢ turbulence model [7] was the best of twelve other
turbulence models used in modelling of buoyancy influenced flows. Hence, the
author decided to test this model under conditions of buoyancy-influenced flow of
supercritical pressure helium in heated vertical pipes. The experimental data re-
ported by Brassington and Cairns [8] has been selected for validation of the model
as the behaviour of the LS model has never been tested under such conditions.
The data under consideration here contain the experiments of buoyancy-aided
and buoyancy-opposed heat transfer in a heated vertical pipe. A particular fe-
ature of the data is that even though the values of the Reynolds number were
high (Re > 90000), most results were strongly buoyancy influenced. At pressu-
res above the critical value, the thermophysical properties of helium vary rapidly
with temperature (and pressure, but to a lesser extent). Therefore, very signi-
ficant variations of physical properties were present across the thermal layer. It
was expected that variable property effects could even play more significant role
than the buoyancy- influences because thermophysical properties of supercritical
pressure helium vary very significantly in the considered region.

It is intended to test the ability the & ~ ¢ turbulence model due to Launder
and Sharma to predict the flow of supercritical pressure helium in a vertical pipe
with the account of the very strong variation of physical properties. The problem
is axisymmetric and parabolic. This approach has already proved to be successful
in the simulations of buoyancy-influenced wall shear flows of atmospheric pres-
sure air in the papers of Cotton and Jackson [9,10], where the turbulence model
of Launder and Sharma [7] was used to simulate experimental data [11-13]. Jack-
son and Mikielewicz [14-16] performed some comparative studies of turbulence
models on the experimental data for air [17] and water [18] as a round-off of the
work [6], where several k& ~ ¢ turbulence models have been implemented in the
computer code CONVERT. The code was originally developed by Cotton [19]
and later modified by Yu [20] to include the effects of property variations. Mikie-
lewicz [21-22] has further extended the code to include the number of turbulence
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models. He also tested some other models on data from [17-18]. From all these
works it appeared that only the LS model seemed to be capable to deal with the
effects of buoyancy influence, but was strongly over-responding to the effects of
property variation. Knowing these advantages and disadvantages of the LS model
the author wanted to test it on a cryogenic fluid such as supercritical helium. This
involves severe changes in thermal properties and it will be interesting to see how
the model which is known to over-respond to the effect of property variation will
behave in the case of this fluid.

2. Governing equations

The geometry considered here is the pipe flow and hence the governing equ-
ations are written in the ’boundary layer’ approximation. The principal flow di-
rection coincides with the axis of the pipe and the main gradients act in the
direction normal to the axis. The thermal boundary condition of the second kind
has been considered here, i.e. q, = const. The governing equations read as fol-
lows:
continuity equation

19(prV)  d(pW)

= =10, 1
70 X 0z ; 5
momentum equation
LO(rpVW)  8(pW?)  dp 10 [ LOWT ﬁ
- nitag it g sl e E ['(M + /H)W_ * pg, (2)
energy equation
179(pVh) 2 dipWhy ~1.d A Lo (3)
— =——|r|=4+—] =1
7, a0 0z ror i (525 37’_ ‘

After [23] the turbulent Prandtl number have been assigned a uniform value of
0.85.

3. Turbulence models

In order to solve the above equations the concept of turbulent viscosity is
employed. In the case of the k ~ ¢ models the velocity scale is represented by the
square root of the turbulence kinetic energy k and the turbulence length scale is
the product of its rate of dissipation (= k3/2/€). In low-Reynolds-number models,
which are considered here, the transport equations are solved over the entire flow
domain without recourse to wall functions. In the case of the k ~ ¢ model, the
constitutive equation for the turbulent viscosity reads as follows:

ph?
Mt = Cu‘f 1t

(4)

€
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The equations, which define transport of & and ¢ equations are as follows:
k-transport

5 3(p7’Vk) I pWk) <8W>2 10
- i

iy sa s T 5 ;()r[</+ )%@]—p(eﬂ)) (5)

e-transport

10(prVe) o d(pWe) 5 Cl{:/‘t (ﬂ)” +% ()' [1_ (,u,+ u_T> ﬁ] -

s w0 0z or ar T
9
. pe 2,u,ut 9* W’ 3

The model considered here has the form that when f, and f; are set to unity,
and terms D and I are set to zero, the standard high-Reynolds version of the
k ~ ¢ model is retrieved. Tables 1 and 2 present details of functions and constants
incorporated in the k ~ ¢ model used.

Table 1. Damping functions and model terms used in the model

Model fo i i5) E
i : 2 EErw
LS |1.0— 0.3 exp(—Re3) |exp {ﬁ] 2 ( f) gt 2—“;‘1‘— (%Tg—)
Zuk U+ &9
= !

Table 2. Model constants

Model | C | Cy | C2 | 0} | 0
LS 0.09 1441921013

The boundary conditions used in the solution of the k and € equations are: k = 0
attdeersa="0:

4. Results

Local heat transfer measurements were obtained using a uniformly heated
17.8mm bore HT9 aluminium alloy drawn tube of wall thickness of 1.6mm. The
test section had an unheated entry length of 24 diameters which was followed
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by a heated length of 55 diameters. As the authors of the data say, for various
reasons mainly concerned with avoiding excessive boil-off from the helium bath
it was not possible to maintain constant test-section inlet conditions. Hence the
results consisted of hundreds of wall temperature profiles taken at fairly random
values of inlet temperature, pressure, flow rate and heat input. Data were collec-
ted for Reynolds numbers in the range from 90000 to 700000 and the buoyancy
parameter B (B = 80000Gr*/ Re34%5/ PrO®), which was introduced by Hall and
Jackson [28] and Jackson and Hall [29], in the range from 9.0- 1079 t0 9.9-107°.

As mentioned earlier, the conditions described here involve significant pro-
perty variations. The thermophysical properties of supercritical pressure helium
have been taken from the tabulated data by McCarty [24] and were both tempe-
rature and pressure dependent. The tables of density, dynamic viscosity, thermal
conductivity and specific heat were subsequently incorporated into the code. In
order to calculate a particular thermophysical property, a two-dimensional (tem-
perature and pressure) bicubic spline was calculated at each profile point. This
led to very extensive computing time. On average, the run performed took about
60 hours on the SPARC20 SUN machine (which is on average four times faster
than the PC486/66DX2.

The thermal resistance of the wall layer will in this case be modified due to
the variation of thermal conductivity and Prandtl number. Firstly, the increase in
thermal conductivity in the wall layer with increase of temperature will cause the
thermal resistance of the viscous sub-layer to decrease. Another important effect
arises because of the variation of the Prandtl number (which decreases with tem-
perature). This will decrease the turbulent conductivity (= kPr /o /) and this
will increase the effective thickness of the wall layer (an opposite effect). These
effects will combine with the effect of viscosity increase in near-wall damping,
which is known from [6] to be vastly overestimated by the LS model to cause it
to over-predict the heat transfer coefficient.

4.1. Ascending flow simulations

For the purpose of the present report a representative sample of three upflow
runs have been selected as a subset of data reported in [8]. The runs are of a
similar Reynolds number which ranged from 91000 to 96000. The inlet buoyancy
parameter ranged from 7.3-107% t0 9.9-107%. These parameters correspond to the
conditions beyond the maximum impairment of heat transfer. The experimental
data have been presented on the basis of the development of the wall temperature
(not in run 3) and heat transfer coefficient. Iligs. 1 to 6 present the respective
runs.

From the figures we can see that the LS model responds strongly to the in-
fluences of buoyancy and variable properties. The wall temperature distribution
calculated by the model does not closely reproduce the experimental one but the
general behaviour is quite satisfactory. The wall temperature peak and subsequ-
ent trough (an indication of partial laminarisation and the start of recovery of
heat transfer respectively) both in the experiment and simulations are coinciding
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but their magnitudes are different. The simulated peaks are flatter and extend
for over 10 diameters whereas in experiment these are a clear sharp peaks. Some
of that rather irregular behaviour in the LS model simulations can probably be
attributed to the Prandtl number variation effects in the wall layer (augmentation
of the effective thickness of the thermal layer).

In [6] it had been found that the LS model is rather very sensitive to the
physical property variations. When we focus our attention on the development of
the heat transfer coefficient (see Figs. 2, 4 and 6) some of the observed behaviour
can be devoted to this fact. After the partial laminarisation of the flow the heat
transfer recovers to reach some maximum (common for experiment and simu-
lation). Then later, the heat transfer coefficient starts to deteriorate at a some
small rate. This behaviour is revealed by the experimental data and numerical
simulation, but in the case of the predictions it deteriorates at much faster rate.
In all experiments a clear maximum forms after about 20 diameters depending
on the buoyancy parameter. It is rather easy to explain why the maximum oc-
cur at the same location as in all these cases the buoyancy parameter takes a
similar value at this point. The heat transfer coeflicient then deteriorates in the
case of the numerical experiment. Such a behaviour has also been found earlier
in the case of other fluids at normal conditions simulated by the author in [6].
This phenomenon was named as a secondary laminarisation. It was thought that
the deterioration of the heat transfer coefficient arises by the virtue of property
effects. The discrepancy between the experiment and numerical simulation is in-
creasing with the increase of the wall-to-bulk temperature difference. In the case
of run 2 (Figs. 3 and 4), there is a formation of a second maximum after about
45 diameters. This is the case for the simulation only as in the experiment the
heat transfer coefficient reduces steadily. The author suspects that a similar me-
chanism to that when the maximum of heat transfer is reached is also involved
in this case. The secondary laminarisation by virtue of property variation has
already been developing and at this stage the recovering turbulence production
(damped by the secondary laminarisation) starts to overcome the reduction of
the heat transfer coefficient by means of variable property effects. This is only
possible because the wall-to-bulk temperature difference is biggest in the case of
this run and the secondary laminarisation is more severe.

In order to dissect the anatomy of the flow some radial profiles have been
generated of the Reynolds stress, turbulence kinetic energy and the dissipation of
kinetic energy at different axial locations. These are presented in Figs. 7 to 10.

In Figs. 7 and 8, we can observe the changes of the Reynolds stress at various
longitudinal positions. In [6], it has been found that in the case of the LS model
the turbulence production ceased in the near wall region when the conditions of
partial laminarisation of the flow had been encountered. This was reflected by
the disappearance of the Reynolds stress near the wall. The subsequent recovery
could not take place as within the flow there was not enough turbulence to help
the Reynolds stress recovery. The slightly different pattern of the Reynolds stress
modifications holds here. The Reynolds stress disappears very close to the wall
prior to reaching laminarisation position (Fig. 8, z/D = 5), but starting there
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24
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Fig. 1. Wall and bulk temperature development, inlet conditions: Re=91000, Gr=6.228-101!, Pr=0.828,
B=7.35510 %

400
Ls

350

ApDLA

150 -

100 B e i o
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Fig. 2. Heat transfer coefficient development, inlet conditions: Re=91000, Gr=6.228-1011, Pr=0.828,
B=7.355-10"%.
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22

1 2 I I . s . 1

Fig. 3. Wall and bulk temperature distribution, inlet conditions: Re=96000, Gr=8.171-1011, Pr=0.860,
B=7.788-10°.
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Fig. 4. Heat 6tra:nsfer coefficient development, inlet conditions: Re=96000, Gr=8.171-1011, Pr=0.860,
B=%.783:10 %



12 D. P. Mikielewicz

22

12 |

10

0 10 20 30 40 50 60

Fig. 5. Wall and bulk temperature development, inlet conditions: Re=95000, Gr=1.072-10"?, Pr=0.921,
B=9.934.10—°.

300

LS

250

200

HTC

150

100

50 L | . . | L
0 10 20 30 40 50 60

z/D

Fig. 6. Heat transfer coefficient distribution, inlet conditions: Re=95000, Gr=1.072-1012, Pr=0.921,
B=9.934-1075.
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Fig. 7. Distributions of Reynolds stress, inlet conditions: Re=91000, Gr=6.228-10'1, Pr=0.828,
B=7%:355:109
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Fig. 8. Distributions of Reynolds stress, inlet conditions: Re=91000, Gr=6.228-1011, Pr=0.828,
B=7.355:10=%.
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it shoots off and peaks very close to the wall. It is probably why the extent to
which the heat transfer recovery observed is so large. The similar pattern was
found in earlier works by the author [6] in the case of the Chien low-Reynolds
number k£ ~ ¢ turbulence model. On the other hand the core values of the stress
tend first towards more and more negative values (until z/D = 20, where lowest
value of the Reynolds stress occur) and then start to recuperate towards positive
values. That is where the recovery of heat transfer starts to take place.

The distributions of the turbulence kinetic energy are presented in Fig. 9. The
highest value of the turbulence kinetic energy k occurs at the minimum of the
heat transfer coefficient, i.e. z/D = 20. Then the turbulence kinetic energy start
to reduce.

The distributions of the dissipation of turbulence kinetic energy shows up in
Fig. 10 as a very sharp peak in very close vicinity of the wall, within y* < 15,
which corresponds to y/R < 0.003 in Fig. 10. Again it peaks at z/D = 20.

4.2. Descending flow simulations

The results of simulations of descending flow are shown in Figs. 11 to 16. The
Reynolds number ranges from 115000 to 710000. The buoyancy parameter takes
values from 9.0-1079 t0 4.3-1075. The first condition corresponds to the condition
of virtually forced convection with no buoyancy influence. It is not surprising as
the Reynolds number in this case is very high (Re = 710000). Two remaining
ones contain more significant buoyancy influences.

Figs. 11, 13 and 15 present the distributions of the wall temperature. We
do not have experimental data for these cases, therefore we can say no more
than the observation that the wall temperature distributions are conforming to
the pattern found in [6] and that there are no any surprising discontinuities and
non-uniformities.

When we focus our attention to the Figs. 12, 14, and 16 with the heat transfer
coefficient distributions we find that the model generally reveals well the experi-
mental trends. In Fig. 12, where the wall-to-bulk temperature difference is smal-
lest the best agreement between the experiment and simulation is achieved. That
allows to say that when the influences of variable properties are small and the
influences of buoyancy are negligible the model predicts very accurately the heat
transfer coefficient for very high Reynolds numbers. The agreement is less good
if the wall-to-bulk temperature increases and the buoyancy influence becomes
more marked. That is apparent if we bear in mind that the LS model is prone to
over-predict the eflects of property variations. They are difficult to quantify due
to the lack of relevant data here. Within the calculational scheme, the heat trans-
fer coeflicient is calculated from the usual definition of the Nusselt number and
hence, the thermal property which triggers the influences of property variations
to become present is the thermal conductivity (h = Nu - k/d). In Figs. 14 and
16 we can observe some non-uniformity in the experimental distribution of the
heat transfer coefficient. This is confirmed by the model only in Fig. 16 but only
qualitatively. This is the interaction between the thermal development of the flow
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0.0025

Fig. 9. Distributions of the turbulence kinetic energy, inlet conditions: Re=91000, Gr=6.228-101,
Pr=0.828, B=7.355-10"¢,
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Fig. 10. Distributions of dissipation of turbulence energy, inlet conditions: Re=91000, Gr=6.228-1011,
Pr=0.828, B=7.355-10"¢.
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Fig. 11. Wall and bulk temperature development, inlet conditions: Re=710000, Gr=7.252-10*, Pr=0.678,
B=9.0-10"°.
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Fig. 12. Heat transfer coefficient distribution, inlet conditions: Re=710000, Gr=7.252-10%, Pr=0.678,
B=9.0-10"°.
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Fig. 13. Wall and bulk temperature development, inlet conditions: Re=330000, Gr=2.463-10'2, Pr=0.758,
B=3.76-10"°.
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Fig. 14. Heat transfer coefficient distribution, inlet conditions: Re=330000, Gr=2.463-10'2, Pr=0.758,
B=3.76-10—°.
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Fig. 15. Wall and bulk temperature development, inlet conditions: Re=115000, Gr=8.364-1011, Pr=0.847,
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Fig. 16. Heat transfer coefficient development, inlet conditions: Re=115000, Gr=8.364-1011, Pr=0.847,
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and the build up of buoyancy influence. It must be noted that it occurs quite well
into the development of the flow. The similar behaviour was found in the case
of water and air [6], but these were occurring much earlier downstream the pipe.
The discrepancy between the experimental and numerical values (up to 25%) is
mainly due to the variable property effects which as it was already mentioned the
LS model is particularly prone to.

5. Conclusions

The direct comparisons between supercritical pressure helium data and si-
mulations reported here represent a particularly useful contribution towards the
understanding of the mechanisms involved in mixed convection heat transfer and
the performance of the LS turbulence model. This is because the simulations are
for much higher Reynolds numbers than have been hitherto studied (Re > 91000).
In earlier works the mechanisms of the model performance have heen investigated
under moderate and small Reynolds numbers. The LS turbulence model responds
to the influences of buoyancy very strongly but the picture is clouded by the pre-
sence of the variable property effects. Under such conditions the model worked on
the basis of switching off turbulence production in the near wall region. Therefore
the laminarisation of the flow was taking place at a right stage of the flow de-
velopment but subsequent recovery of heat transfer could not take place because
there was not enough turbulence left within the near wall region of the flow. The
present conditions are much different. The model withstands the challenge of such
testing at these very demanding conditions and therefore its validation range has
been further extended to include supercritical pressure helium. In terms of general
behaviour, there is no clear dependence of the results on Reynolds number or bulk
inlet temperature or other parameter as pressure etc. The observed effects are due
fundamentally to the influences of buoyancy and change systematically with the
buoyancy parameter. Variable property effects are certainly present and in cer-
tain cases are significant, but they are difficult to quantify. The LS low-Reynolds
number k& ~ ¢ model examined here is capable of over-responding to variations
of kinematic viscosity [6]. It is therefore prone to error when used in situations
where property variations are significant.

In general, the calculations performed here are by no means full and in order
to better investigate turbulence under such conditions some further refinements
to the solution scheme are required along with improvement of computing facili-
ties in order to generate more evidence for further discussion.

In downward flow, the general trend of enhancement of heat transfer due to bu-
oyancy is reproduced by the model. However, the calculated relative heat transfer
could be misleading due to the limitations of the model in terms of over-prediction
of the variable property effects.
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Modelowanie przeplywu helu w warunkach ci$nien ponadkrytycznych
w zakresie konwekcji mieszanej w pionowej rurze z grzaniem

Streszczenie

W niniejszej pracy przedstawiono wyniki bezpogérednich poréwnail symulacji numerycznych, przy
uzyciu modelu turbulencji Laundera i Sharmy z grupy k ~ ¢, z danymi eksperymentalnymi dotycza-
cymi przeplywu w ramach konwelkcji mieszanej helu w warunkach cisnieni ponadkrytycznych, w grzanej
pionowej rurze. Symulacje przeprowadzone byly przy uwzglednieniu zmiennosci wlasnosci fizycznych
plynu. Otrzymane w wyniku obliczen rezultaty przeprowadzonych za pomoca rozwazanych modeli byly

satysfakcjonujace, aczkolwiek badania modelowe przeplywdéw w takich warunkach sa nadal wskazane.



