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1. Introduction 3.1 Experiment apparatus and test matrix

The Passive Cooling System (PCS) driven by natural The experimental apparatus and circuit are shown in
forces drew research attention since Fukushimaeaucl Fig. 1. The vertical cathode pipe with the anode ab
power plant accident [1]. The performance of theSPC center is located in a top-opened acrylic tank. Test
affected by the geometries as the driving forces of matrix is presented in Tablethe length (L) was varied
natural convective flows depends on them. The ahtur from 0.2 m to 1.0 m for each diameter (D) is 0.005
convection heat transfer of the vertical pipe is and0.01m.
influenced by the length and diameter of the pipd a
material properties as well. ] S

This study investigated the natural convection heat
transfer inside of vertical pipe with emphasis de t
phenomena regarding the boundary layer interaction.
Numerical calculations were carried out using FLUEN3
[2]. The length and diameter of the pipe were dafiem
0.2 mto 1.0 m and from 0.003 m to 0.05 m, respalgti
which covered both laminar and turbulent flow ctinds.
They correspond tGr, of 3.8x16 - 4.2x1G° Experiments
were performed for the parts of the cases to exploe ‘ T
accuracy of calculation. Based on the analogy, tresasfer oy
experiment is replaced by mass transfer experimmgng
sulfuric acid copper sulfate (CusOH,SQy) electroplating
system [3].

Fig. 1. Experimentahpparatus and circuit.

2. Background theories Table I: Test matrix for experiment
Pr D(103m) | L (m) Gro
2,014 5,10 0.2-1.0] 3.8x1(¢-4.2x1G°

Natural convective flow is driven in the heated
vertical pipe due to the buoyancy. Both temperatune
velocity boundary layers develop along the pipecdse
of small length-to-diameter pipes, the boundaryetay 3.2 Experimental methodology
do not overlap, the heat transfer is similar td thathe
vertical flat plate [4]. Mass transfer experiments are performed replacing

Le Fevre [5] suggested a natural convection heatheat transfer experiment based on analogy [9]. A
transfer correlation (1) on a vertical plate fomlaar sulfuric ~ acid-copper  sulfate (CusSQOy)
condition and Fouad [6] suggested a correlationfd®)  electroplating system is employed as the massféans
the turbulent condition. system. Detailed explanation can be found in Cheing

al. [10, 11].

Nu. = 0.67Gr.Pr)>2® at Gr. < 10 Q)
3.3 Numerical analysis
Nu. = 0.31Gr.Pr)%28 at Gr. > 10 2
Figure 3 shows the simulation domain, indicating th
In case of large length-to-diameter pipes, the flow region and boundary conditions. The bottom of
boundary layers formed at the opposite walls marge domain is taken to be the pressure inlet and tipe to
a single buoyant rising stream [7]. Flows are asrestd pressure outlet. The heated wall temperature i$ &ep
by chimney effect, and the heat transfer is entthrase  the constant temperature of 400K.
the flow rate increases [8].

3. Experiment and Numerical analyses
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Table Il presents the calculation test matrix: the
diameter ranged from 0.003 m to 0.05 m, length from
0.2 m to 1.0 m and the Prandtl numbers 0.7, 1, 20,
2,014. The test matrix covers the range of exparime

3.2 Velocity and temperature profiles

Figure 4 shows thermal and velocity contours. With
the fixed diameter of 0.01 m and Prandtl numbe2®f
the length of the pipes are 0.2 m, 0.3 m, and Q.4nm

Table II: Test matrix for calculation Fig. 4(a), the thermal boundary layers are only
Pr D (103 m) L (m) GrL developed in the vicinity of the inner wall of thées
0.7, 35 0.2, 0.3, 0.4, and the thermal boundary layers interferences are
20, o 0.5,0.6,0.8,| 3.8x10 —4.2x10° observed, which means that the behavior of thertaker
10, 30, 50 L .
2,014 1.0 boundary layers are similar to those on the vdrfitzte

at the open channel flow condition. Fig. 4(b) shakes

The calculations are conducted laminar and turtiulen velocity contours. Near the inlets, the velocityake
conditions using FLUENT 6.3. The temperature appear at the center. While at the exit, they appear
difference between wall and bulk fluid is 100K. A the walls. This means that the velocity profile® ar
second order upwind a|gorithm was used for laminar similar to those of the forced convection near itllet
and turbulent flow conditions, where the SIMPLE but similar to those of the natural convection nter
algorithm was used to couple the pressure-velocity €Xit. This behavior is enhanced as the length efpipe
fields. For turbulent flow condition, Spalart-Allmes ~ increases. This phenomenon occurs due to the ket f
one equation model was used with the basic pragserti situation, where the mean velocity at each elewmatio
supplied by FLUENT. They+ value was selected should be constant regardless of the amount ofdntoy
between 0.7 and 0.8 so that the calculation agsétes driving forces. Thus the flow near inlet becomde li

the experimental results. forced convection and that near exit becomes like
natural convection.
3. Results and discussion Figure 5 shows thermal and velocity contours for
Prandtl number of 0.7. With the reduced Prandtl imein
3.1 Validation between results and exist correlation thicker thermal boundary layers are expected aegl th
merge inside a pipe as shown in Fig. 5(a) for M8 a
Fig. 3 shows the measured and calculdtied with 0.4m. The merged plumes are accelerated alongjtee p

the predictions from natural convection heat transf and chimney like effect is appeared. Fig. 5(b) is
correlations. Calculations results agree with the completely different from Fig. 4(b). The velocitggks
experiments results within 8%. appear near the exit.
For large diameter vertical pipes, where the thérma
boundary layers are not expected to merge in the, pi
the local Nusselt numbers for laminar and turbuflent
condition agree with those on the vertical flatt@éa For
smaller diameter vertical pipes or lower Prandthber
cases, where thicker thermal boundary layers are
expected, the calculated Nusselt numbers were lower
than those of Le Fevre and Fouad.
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Fig. 4. Temperature and velocity contours accortlintpe
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length (D=0.01 mPr=0.7).

4. Conclusions

The natural convection heat transfer inside a c@irti
pipe is studied experimentally and numerically.
Experiments were carried out using sulfuric acigzer
sulfate (HSQ-CuSQ) based on the analogy concept
between heat and mass transfer system. Numerical
analysis was carried out using FLUENT 6.3.

It is concluded that the boundary layer interaction
along the flow passage influences the heat transfer
which is affected by the length, diameter, and Btlan
number.

For the large diameter and high Prandtl numbers;ase
where the thermal boundary layers do not interfered
along the pipe, the heat transfer agreed with cadrflat
plate for laminar and turbulent natural convection
correlation within 8%. When the flow becomes steady
state, the forced convective flow appears in thitobo
of the vertical pipe and natural convection flovpagars
near the exit. It is different behavior from thevil on
the parallel vertical flat plates. Nevertheless treat
transfer was not different greatly compared withsth
of vertical plate.

For the small diameter and low Prandtl number, the
thermal boundary layers were overlapped at theecent
of the pipe. And then, the merged plumes are
accelerated along the pipe and it seems the chifileey
effect is occurred.

Further study is needed for the duct flow that
acceleration flow behavior in natural convection.
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