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Natural Convection Between Concentric Cylinders

Reference 3 presents experimental results for the flow of
air between two concentric cylinders at a wide variety of Grashof
numbers. The authors observed three regions of behavior: a two-
dimensional pseudo-conductive regime for Gr<2400; a three-
dimensional transition regime for 2400<Gr<30000; and two-
dimensional laminar convection regime for Gr>30000. Because of
the unsteady three-dimensional nature of the transition regime,
the laminar convection regime is the most interesting for our
purposes. We have chosen a single test at Gr=1.22x10° to study
using a variety of FLOW-3D options.

Mach-Zehnder interferometer measurements allowed accurate
experimental evaluation of temperature gradients and inference of
Nusselt numbers. The flow field was visualized using smoke.
Comparisons are made with both types of experimental measurements
in this section.

Figure 13 shows the situation we have simulated using FLOW-
3D. The parameters are reported in Table 4. The baseline
simulation (calculation EAIX) was performed in cylindrical
coordinates using the buoyant flow model. (Other simulations are
discussed below.) One half of the annulus was simulated, taking
advantage of the symmetry of the system. The computational mesh
is shown in Fig. 14. Variable-size mesh cells were used in both
the radial and azimuthal directions to help resolve the boundary

layers. The input deck for EAIX is reproduced as Fig. 15.
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Table 4

Parameters for Concentric Cylinders Calculations

Inner Radius, rj 2.0 cm
Outer Radius, rj 6.3 cm
Gap Width, ¢ 4.% cm
Inner Temperature, T; 311.46 X
Outer Temperature, T, 298.46 K
Temperature Difference, AT 13 K
Average Temperature, T 304.96 K

Thermal Expansion Coefficient, B 3.2'791)(10_3 g~

Kinematic Viscosity, Vv 0.165 cm?/s
Thermal Conductivity, K 2650 erg/cm/s/K
Grashof Number, Gr=gBAT &) /ve 1.22%107

As was the case for the square cavity, only steady flow
results are available for comparison. Of course, FLOW-3D reaches
the steady state by evaluation of a transient as before. For
calculation EAIX a period of approximately 23 seconds was
simulated. During this time the flow undergoes a rapid iniital
transient, as the velocity field reaches equilibrium with the
initial temperature distribution, followed by a slow drift during
which the energy is redistributed by convection. The 23 second
period permitted the fluid to circulate about five times, which

seems to lead to a steady solution (see Fig. 16). At the
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conclusion of the calculation the right and left boundary heat
flows balanced within 0.4%, indicating a quite steady solution.
The calculational parameters for EAIX are reported in Table 5.
The time—-step size was primarily restricted by the viscous

stability criteria.

Table 5

EAIX Calculational Parameters

No. Real Mesh Cells 400

Time Simulated 22.64 s
Total Computational Time* 1727.4 s
Number of Cycles 2020
Average At 1.12x1072 s
Average CPU/Cell/Cycle* 2.14x1077 s

*¥ CDC Cyber 855 computer

Figures 17 and 18 compare the calculated and visualized
velocity and temperature fields, respectively. (The smoke
visualization of the velocity field is actually at slightly
different conditions.) Both show excellent agreement including
the location and shape of high and low gradient regions.
Quantitative agreement is also good. The average calculated

Nusselt number on the inner cylinder is 5.96, while the
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experimental value (obtained by interpolating Table 2 of Ref. 3)
is 6.5. TFigure 19 compares the circumferential variation of the
calculated Nusselt number with that presented in Ref. 3 for
laminar flow.

The results presented above were calculated in cylindrical
geometry using the buoyant flow option. FLOW-3D can, however,
model the cylinder in Cartesian coordinates by using the FAVOR
method. Also, the fully compressible flow equations may be
solved for this problem. Rather than incur the expense of
performing steady calculations with each of these options, we
will compare here the initial transients (out to one second)

calculated with the three methods shown in Table 6.

Table 6

Transient Calculation Comparison

Calculation EAVV EDDQ EEBN
Mode Buoyant Compressible Buoyant
Geometry Cylindrical Cylindrical Cartesian
No. Real Mesh Cells 400 400 465
Time Simulated 1 s 1 s 1 s
Total Computational Time* 126.4 306.1 373,73
Number of Cycles 121 123 173
Average At 8.26x1072 8.13x1072 5.78%x1077
Average CPU/Cell/cycle* 2.61x1077 6.22x1077 4.64x1073

* CDC Cyber 855 computer
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The substantial differences in computational effort shown in
Table 6 reflect the reduction in effort associated with the
buoyant flow model (as compared to the solution of the
compressible flow equations), and the suitability of cylindrical
coordinates for this problem. Naturally, this comparison would
differ for other problems.

Figures 20-24 compare the solutions obtained by three
calculations. The results are in reasonable agreement,
particularly the two cylindrical geometry calculations. Somne
variation is seen due to transient differences between the
buoyant and compressible solutions, differences that should
disappear in steady solutions. The Cartesian results differ
somewhat from the cylindrical cases because of differences in
the wall heat transfer coefficient. This coefficient can be
correctly specified for cylindrical coordinates, h=(2K/&r), but
was only approximated in the Cartesian system.

In conclusion, we have seen another example wherein FLOW-3D
produces good agreement with known results. Again, in this
simulation we have been able to resolve the thermal and viscous
boundary layers, facilitating the good agreement. We have also
seen the ability of other options to handle the same problem, in

this case at increased computational cost.
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Fig. 13. Geometry for Concentric Cylinders.
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INTERCYLINDER NATURAL. CONYECTION — GRICULL [GRe).22E+5, DELTA/Dx1.B75)

$XPUT -

. CYL=1.B, * JAF=8,
‘LPR=2,7" . IPDIS=1,
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.. CVIw?7.178E+8G, THC1=2652.9,
JVSH=1, MUI=1.88E-4, RiX=}.0637,
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$END
$HESH
NXCELT=28,
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END

E
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KC113)=2, KC2(3)=2,
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$END
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$END.
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Fig. 15. Input Deck for Calculation
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