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ABSTRACT

Buoyancy induced natural convective heat transfer along vertical cylinder immersed in
Newtonian fluids such as water, water and ethylene glycol mixture with 75: 25 ratio under constant heat
flux condition is investigated experimentally and presented. Thermal stratification was observed in the
ambient fluid after steady state conditions achieved as the fluid temperature goes on increasing along the
axial direction outside the boundary layer. Temperature variation of the cylinder along axial direction,
temperature variations of fluid in both axial and radial direction are shown graphically. It is observed that
the temperatures of the cylinder and the fluid increases along axial direction and the fluid temperature
decreases in radial direction also, it is understood that thermal stratification is achieved. Experiments were
conducted for different heat inputs (30W, 40W, 45W and 50W) and a correlation between the non
dimensional numbers Nusselt number (Nu) and Rayleigh number (Ra) for uniform or constant heat flux

condition is suggested as Nu = 0.287 (Ra)™**’.
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INTRODUCTION

Many research investigations both theoretical as well as experimental on the
cooling of the electronic equipment in buoyancy induced free convection have been reported
in the literature. The solution of a free convection problem involving less complex geometry
starts with Polhansan's solution of the vertical plate, where the conditions on the plate and on
the flow field are treated as limited in the interaction or even independent. Heat transfer has
been a key and challenging area for designers of electronic equipment. The reliability and

*Author for correspondence; E-mail: ravibabu.s123@gmail.com; ravibabu.s@gmrit.org



2764 R. B. Sajja and G. S. Rao: Buoyancy Induced Natural....

life of electronic equipment mainly depends on its operating temperature and its life can be
enhanced significantly by using it at lower temperatures.

Fujii and Uehra' compared the natural convection heat transfer between vertical
cylinder and a vertical plate, which are situated in air. For any prandtl number, they
presented a correlation equation for non dimensional Nusselt number. Cohen and Herman®
experimentally investigated the unsteady state free convection heat transfer in vertical
enclosures with uniform heating for different aspect ratios. Sharma et al.*** numerically
analyzed turbulent free convection from a radiating fin situated in air by integral method of
analysis with inclusion of thermal radiation to the surrounding medium and also studies were
performed on natural convection from a radiating fin to thermally stratified medium of air.
Lee et al.” did the numerical analysis for the buoyancy induced free convection along slender
vertical cylinders with variable surface temperature for the various mediums with prandtl
numbers of 0.1, 0.7, 7 and 100 and graphically presented the local Nusselt number, velocity
and temperature profiles. For Nusselt number, a correlation was given. Sharma et al.’
analyzed the thermal performance of a vertical fin in a non Newtonian fluid for which
prandtl is very much higher than 1. Amara et al.” numerically investigated the natural
convection heat transfer in vertical cylinder opened at both ends and filled with porous
medium and given periodical lateral heat flux density as a heat input. They used the darcy
flow model in which the local thermal equilibrium between solid and liquid phases has been
assumed. Trevino et al.® analyzed the natural convective conjugate cooling mechanism in
vertical fins and an estimate of thermal perturbation length was presented. Popiel and
Wojtkowiak® conducted experiments on natural convection heat transfer from a square
cylinder immersed in air using lumped heat analysis method. Naidu et al.'’ numerically
solved the problem of free convection heat transfer along a vertical fin to a saturated porous
medium and they used the conjugate conduction convection analysis is used to solve the
problem. Jarall and Campo'' conducted an experimental study of laminar free convection
heat transfer from vertical cylinder in air under steady state conditions and proposed the
correlations for dimensionless Nusselt number. Experimental studies were performed on
laminar free convection heat transfer from isothermal vertical cylinder by Popiel et al.'
Zahmatkesh'® analyzed the effect of thin vertical fin on natural convection heat transfer in
porous medium with thermal stratification effect. Bairi et al.'"* reviewed and presented the
applications on natural convection heat transfer in particular on paralleogrammic diode
cavity. Xu et al."” conducted experiments on thermal flow and thin film present on the side
wall of a cavity using natural convective heat transfer. Various techniques for measuring
thermal conductivity of liquids are shown in Fig. 1. In this present work, transient hot wire
method is chosen for measuring the thermal conductivity.
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Fig. 1: Thermal conductivity measurement techniques
EXPERIMENTAL

The experimental setup consists of an aluminum square prismatic container which
contains the testing liquid, Brass tube of 1.27 cm diameter and 25 cm length, a cartridge type
tubular heater, Outer shell with cooling water in and out arrangement, Chrome-Al type
thermocouples of teflon coated to resist the temperature effects, instrumentation panel with
dimmerstat or variac to vary the heat input, Voltmeter, Ammeter, and digital temperature
indicator. All the thermocouples were calibrated with constant temperature bath at various
temperatures and obtained the error less than 1°C. In order to reduce the loss of heat and to
conduct full amount of heat from heater to the brass tube, magnesium oxide (MgO), which is
having high thermal conductivity, is filled in the gap between the heater and brass tube. Test
liquid is filled till the vertical brass tube is completely immersed in it. Before starting the
experiments, all the rotating equipment like fans, which causes pressure difference were
switched off. Desired power supply was given to the heater by adjusting the variac so that
the vertical cylinder is heated at uniform heat flux.

At a particular heat flux, the bulk fluid temperature at a point, which is beyond the
boundary layer region was made constant by adjusting the water flow rate in the outer shell.

The regulation of cooling water flow rate is done in such a way that the increase in
enthalpy of cooling water compensates the heat input, which was giving to the cylinder. In
that case, whatever the heat is supplied to the cylinder will be carried away by the cooling
water; thereby, steady state condition is prevailed. Once steady state conditions are taken
place, the readings of vertical cylinder surface temperatures at various positions and bulk
fluid temperatures were noted. The pictorial view of the experimental setup is shown in Fig.
2(a) and the schematic diagram is shown in Fig. 2(b).
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Fig. 2(a): Pictorial view of experimental setup
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Fig. 2(b): Schematic diagram of experimental setup
RESULTS AND DISCUSSION

Experiments were performed for different heat inputs say 30W, 40W, 40.5W and
50W by regulating the voltage supply with the help of variac. The surface temperatures of
the brass vertical cylinder in the axial direction for water and water + ethylene glycol (EG)
as medium are depicted in Figs. 3, 4. It is observed that for any heat flux, the surface
temperature of cylinder is increased in the axial direction due to high local heat transfer
coefficients occur at the bottom portion of the cylinder.
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Fig. 3: Variation of surface temperature of vertical cylinder in axial
direction for water
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Fig. 4: Variation of surface temperature of vertical cylinder in axial direction
for water + EG

All the properties of the fluid are calculated at the film temperature, which is the
average of the surface temperature of the cylinder and the bulk temperature of the fluid.

T,+T,

Film temperature T; = 5

(D)

Local heat transfer coefficients at different positions are calculated at the points
where thermocouples are located. The local heat transfer coefficient is calculated by using
the following relation (2).
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The variation of local heat transfer coefficients in the axial direction is shown in Fig.
5, 6. It is observed that the local heat transfer is higher at the bottom and lower at the top of
the cylinder. As the boundary layer thickness is very less in the bottom portion, the local
heat transfer coefficient will be higher and as it goes on to top portion, the thickness of the
boundary layer will be more; due to this, lesser heat transfer coefficients may be observed
there. The variation of local Nusselt number along axial direction is depicted in Figs. 7, 8.
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Fig. 5: Variation of local heat transfer coefficient with axial distance for water

as medium
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Fig. 6: Variation of local heat transfer coefficient with axial distance for
water + EG as medium
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Fig. 7: Variation of local Nusselt number with axial distance for water as medium
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Fig. 8: Variation of local Nusselt number with axial distance for water + EG as medium

Local Nusselt number is calculated based on the following relation (3)

Nu, = .3

It is observed that the local Nusselt number increases as the length increases and for
all the heat inputs in case of water as medium. The similar trend is observed for the case of
water + EG mixture. The thermal stratification is identified in the bulk fluid as the
temperature of the fluid at a point, which is away from the boundary layer goes on
increasing from bottom portion to the top portion. The variation of temperatures along radial
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direction when the mediums are water, water + EG, respectively is depicted in Figs. 9 and
10. It is observed that at the cylinder surface and the wall of the container, there is a steep
change in the temperature because of the solid and fluid interface and also identified the
lower temperatures of the fluid in radial directions in case of water + EG as medium
compared to water because of the lower thermal conductivity of the ethylene glycol.
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Fig. 9: Variation of temperatures in the radial direction 4 cm from bottom of cylinder
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Fig. 10: Variation of temperatures in the radial direction 4 cm from bottom of cylinder
(water + EG)

The Nusselt number is determined for various heat fluxes (both for water and water
+EQG) i.e. for different Rayleigh numbers and shown in Fig. 11. A correlation equation
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between dimensionless Nusselt number and Rayleigh number is presented as
Nu = 0.287 (Ra)"? .4
This correlation is validated by comparing the Mac Adams’s equation (5)
Nu = 0.1 (Ra)** ...(5)

The eq. (4) is well fitted for water and water, ethylene glycol mixture and having
good agreement with past literature (Mac Adam’s equation) with &+ 2% deviation.
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Fig. 11: Variation of Nusselt number with different Rayleigh numbers
CONCLUSION

The steady state free convection heat transfer of a vertical cylinder heated uniformly
has been investigated in this study and presented for various heat fluxes. The variation of
surface temperatures of the cylinder along the axial directions in case of water and water +
EG as mediums is studied and presented.

(1) It is observed that in case of water + EG, the surface temperatures were
recorded 8 to 10% higher than in case of water.

(i1)) Local heat transfer coefficient and local Nusselt number are determined at
different positions of the vertical cylinder and presented graphically.

(iii)) A correlation is presented between non-dimensional Nusselt number and
Rayleigh number as Nu = 0.287 (Ra)*2*’.
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Nomenclature

T¢ Film temperature (°C)
Toc Fluid temperature (°C)
Tw  Wall temperature (°C)
h Heat transfer coefficient (W/m°K)
K Thermal conductivity (W/mK)
EG  Ethelyne glycol
L Length of the cylinder (m)
g Acceleration due to gravity (m/s%)
B Coefficient of thermal expansion (K™)
v Kinematic viscosity (m?/s)
Cp Specific heat (J/Kg.K)
v Dynamic viscosity (Kg/ms)
Nu Nusselt number (h—Lj
K
3
Gr Grash of number (gﬁg#]
3
Ra Rayleigh number g LZAT (Mij
9 K
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