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Abstract—The present work is a numerical study of heat transfer characteristics from the bottom tip of a
cylinder spinning about a vertical axis in an infinitely saturated porous medium. The problem is axisym-
metric. The non-dimensionalized governing equations are solved using the SIMPLER algorithm on a
staggered grid. The influence of rotational Reynolds numbers and Darcy numbers on the heat transfer for
a Grashof number of 10° and Prandt] number of 7.0 is studied. It is found that for very high Darcy numbers,
over a wide range of rotational Reynolds numbers, the heat transfer takes place mainly due to
conduction. The convective heat transfer takes place for lower Darcy numbers and for higher rotational
Reynolds numbers. Moreover, there is a rapid increase in the overall Nusselt number below a certain Darcy
number with increase in the rotational Reynolds numbers. The effect of the Darcy number and the
rotational Reynolds number on the heat transfer and fluid flow in the porous medium is depicted in the
form of streamline and isotherm plots. The variation of the overall Nusselt number with respect to the
Darcy number for various rotational Reynolds numbers is plotted. The variation of the local Nusselt
number with respect to the radial coordinate at the heated tip of the vertical cylinder is plotted for various
Darcy and rotational Reynolds numbers.

INTRODUCTION

CONVECTIVE heat transfer in saturated porous media
has been gaining importance in recent years, both
in academic and in practical situations, Considerable
attention has been paid to achieve greater under-
standing of the transport phenomena in saturated
porous media subjected to free, forced, and mixed
convection. The prediction of natural convective heat
transfer characteristics from heated bodies embedded
in a porous medium is of great practical significance,
especially in geothermy, nuclear waste disposal, heat
pipe technology, mining, underground gas pipes and
in the petroleum industry.

In the recent past, considerable numerical work has
been reported on natural, as well as forced, convection
inside a saturated porous medium. Most of the
reported work is based on the Darcy law of fluid
flow inside the porous medium. Free convective heat
transfer about a vertical cylinder has been solved using
the boundary layer approximation [1]. The surface
temperature of the cylinder is varied as a power func-
tion of the distance from the leading edge. Thermal
convection in a saturated porous medium bounded
by two horizontal cylinders is numerically simulated
for low Rayleigh numbers [2, 3]. The fluid motion
is assumed to be described by the Darcy—Oberseck—
Boussinesq equation. An experimental work has also
been reported for natural convective heat transfer in
concentric and eccentric horizontal annuli [4] in a
porous medium. Mixed convection flow inside a satu-
rated porous medium has been solved by using the
general transformation [5]. The effect of boundary

and inertia on flow and heat transfer in a porous
medium has been studied [6].

When permeability of the porous medium is high,
the Darcy law of fluid flow does not hold good. Many
workers have used the Darcy equation with Brink-
mann’s modification {7]. In the present work, natural
convective heat transfer from the tip of a drilling
cutter spinning inside a saturated porous medium is
numerically simulated. This is a frequently encoun-
tered problem in foundation, bore well and oil well
drilling. Brinkmann’s modified Darcy equation along
with the continuity and energy equations are solved
for velocity, pressure and temperature distributions.
The SIMPLER algorithm [9] is employed to handle
the velocity—pressure coupling.

FORMULATION

The drill shaft is assumed to be a semi-infinite cyl-
inder, spinning inside an infinitely saturated porous
medium. The tip of the cylinder is assumed to be at a
constant temperature. In the drilling process there is
always a certain gap between the wall of the cylinder
and the earth, through which water is forced in order
to minimize friction. As a result, there is a formation
of a thin layer of fluid. This layer offers resistance
to heat transfer from the cylinder to the external
medium. To take this fact into account the circum-
ference of the cylinder along the length is assumed
to be insulated. The saturated porous medium is
assumed to be homogeneous and to have constant
properties. The fluid and the porous material are
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NOMENCLATURE
a radius of the rod I general non-dimensional diffusion
g acceleration due to gravity coefficient
k effective thermal conductivity of the v effective momentum diffusivity
saturated porous medium P density of the fluid
K permeability of the porous )] general non-dimensional variable
medium Q angular velocity of the cylinder.
P pressure
¥ radial coordinate Non-dimensional parameters
S general non-dimensional source term Da  Darcy number, a*/K
T temperature Gr  Grashof number, gfATa* /v’
T,  temperature at infinity Nu  Nusselt number, Aa/k
T,, temperature at the cylinder tip P pressure, pa’/pv?
AT  temperature difference, (T, —7,.) Pr Prandtl number, v/a
u radial velocity R radial coordinate, r/a
v azimuthal velocity U radial velocity, ua/v
w axial velocity 4 azimuthal velocity, va/v
z axial coordinate. Vo  rotational Reynolds number, a’Q/v
w axial velocity, wa/v

Greek symbols Z axial coordinate, z/a
o effective thermal diffusivity ® non-dimensional temperature,
B coefficient of cubic thermal expansion (T—T,)/AT.

assumed to be in local thermodynamic equilibrium.
Heat is generated due to the friction only at the tip of
the cylinder. It is assumed that there is no temperature
gradient inside the cylinder.

The free convective heat transfer due to the hot
cylinder tip, the forced convective heat transfer due
to the rotation of the cylinder, and the resulting mixed
convective heat transfer due to the interaction of the
above phenomena are studied numerically. Since the
present problem is axisymmetric in nature, the equa-
tions are solved on an axisymmetric (R-Z) plane. The
computational domain is rectangular as shown in Fig.
1. The limiting values of 7., Zmi» and z,,,., Were chosen
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F1G. 1. Computational domain.

such that the variables in the interior of the domain
remained independent of their values [8, 10]. It was
found that r,,, = 5a in the radial direction and
Zmn = —8a and z,,, = 8a in the axial direction sat-
isfled the above requirements for the range of par-
ameters investigated.

Infinity for the present problem is assumed to be
the point where the velocity component along the
boundary tends to zero. Hence at the 7 infinity bound-
ary the axial component tends to zero, while at the z
infinity boundaries the radial velocity tends to zero.
Since only relative values of pressure are of interest in
incompressible flow problems, and since the pressure
has to be constant at the far field boundaries, pressure
is assumed to be zero on these boundaries [8, 10].
The boundary conditions for the energy equation are
based on the flow direction at the boundary. If the
flow is into the domain, T = T,, at the boundary,
while dT/dn = 0 when the flow is outward, n being
the coordinate normal at the boundary.

The governing equations are as follows:

continuity equation
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azimuthal momentum equation
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axial momentum equation
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The boundary conditions for the momentum equa-
tions and energy equation are as follows:

0%
+ ﬁ]’ 3)

ow
r=0;, u=0, v=0, —=0
or
0
7= Foax ﬂ:O, =0, w=0
or
0
Z=Znns u=0, v=0, —w=0
0z
0
2= i u=0, 0=0, =0
0z
z=0; O0<r<a; =0, v=rQ, w=0
T
r=20; 9__0, r=rtny; I=T,, u<0
dr
aT
Z2=Zmn:s I=T,, w>0, —=0, w<0
0z
oT
Z=Zpm: 1=T,, w<0, —=0, w>0
0z
z=0; O<r<a; T=T,

tip®

NUMERICAL PROCEDURE

The governing equations are non-dimensionalized
using the radius of the cylinder a as the reference
length and (T,,—T,,) as the reference temperature
difference. The Boussinesq approximation is used on
the axial momentum equation. The original equations
(1)—(5) result in the following general conservation
equation:
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i oD
+ E[(Wq’—r“’a’z‘)] =S, (6)

where @ is the general variable, Ty, the diffusion
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Table 1. Terms in the general equation

Equation @ Ty So

) 1 00 00
1)) U 10

RTR R PrDaU
3) 14 1.0 uy v

——IT—F—PI'D(IV
4) W 1.0 oP

—&%-Gr@—PrDaW
&) @ 1/Pr 0.0

coefficient and S, the source term corresponding to ®
in the different equations (1)~(5). These are listed in
Table 1.

Algebraic equations are obtained by integrating
the above general equation (6) over the control vol-
umes on the staggered grid system for the respective
variables. The discretization procedure proposed by
Patankar and Spalding [11] and Patankar [9] has been
employed. A power law variation of the variables
has been assumed between the discrete points. The
pressure and velocity correction and updating for suc-
cessive iterations used in the present work follow the
SIMPLER algorithm [9]. The grid size beyond which
the solutions are grid independent was found to be
20 x 45. The grid sizes used were non-uniform and the
smallest grid was 0.001a along the axial direction and
0.0la along the radial direction. The grid inde-
pendence of the solutions was tested by running a
typical case on a 40 x 73 non-uniform mesh. The
resulting Nusselt numbers did not vary by more than
0.1%. The residue obtained from the continuity equa-
tion at all points was used as the convergence criterion.
The value of the convergence criterion was 1075,

RESULTS AND DISCUSSION

The present problem is an attempt to numerically
simulate the drilling process encountered in the pet-
roleum industries and in civil engineering. The values
of all the input parameters are realistic [12] and the
range of these parameters used is shown in Table
2. The non-dimensional numbers are obtained from
these sets of values for computation.

The results are presented in the form of streamline
and isotherm plots. The present problem is axisym-
metric, with the presence of a circumferential velocity.
This means that the streamlines are, strictly speaking,
three-dimensional. But the envelope of these stream-
lines forms axisymmetric stream tubes. The term
‘streamlines’ in this paper denotes the sectional
lines of these stream tubes and not the actual stream-
lines. The mean Nusselt numbers are plotted against
rotational Reynolds numbers for various Darcy
numbers. The streamlines and isotherms are plotted
for extreme Darcy and rotational Reynolds numbers.



Table 2. Range of parameters

S. No. Parameters

R. V. KaMaTH ¢ of.

Range

Units
(1) Radius of the drilling rod (&) 10-20 cm
(2)  Permeability of the porous medium (X) 0.02-0.0001 cm?
(3)  Angular velocity of the drill bit (Q) 50100 rev min~'
()] m’s~!

The stream function is defined as follows :

1 o¥ {74 4

U=Raz’ TRR

Figures 2 and 3 show the streamline-isotherm plots
and local Nusselt number plot for a Darcy number
of 10° and a rotational Reynolds number Vo = 0,
respectively. Figures 4 and 5 show the streamline-
isotherm plots and local Nusselt number plot for a
Darcy number of 10* and a rotational Reynolds num-
ber Vo =0, respectively. The above set of figures
shows the significant effect of Darcy numbers on the
streamlines and isotherms. There is an increase in the
maximum stream function value. The heat transfer
takes place mainly due to conduction for high Darcy
numbers and convection for low Darcy numbers for
a given Vo. This is because, since the fluid velocity is
very low for high Darcy numbers, heat gets conducted
through the saturated porous matrix in all directions.
In other words, the heat transfer due to natural con-
vection is negligible. Hence, the isotherms are nearly
concentric circles in the two-dimensional view. As the
Darcy number decreases, the fluid tends to move freely
due to an increase in permeability resulting in an
increase in heat transfer.

Figures 6 and 7 are streamline-isotherm plots and
the local Nusselt number plot for a Darcy number of
10° and a rotational Reynolds number Vo = 5000,
while Figs. 8 and 9 show the streamline—isotherm plots
and local Nusselt number plot for a Darcy number of
10* and a rotational Reynolds number Vo = 5000,
respectively. A comparison of Figs, 2 and 8 for a
Darcy number of 10* shows that as the rotational
Reynolds number increases the streamlines tend to
drift towards the axis of the cylinder. Moreover, there
is a formation of a small recirculation region below the
tip of the cylinder. This can be explained as follows. As
Vo increases so the tangential velocity of the fluid
below the tip of the cylinder increases. This results in
movement of the fluid in a radial direction pointing
away from the axis of the cylinder. In order to make
up for the depletion of the fluid at this region the fluid
from below gets sucked towards this region. Hence,
the streamlines get clustered near the tip of the cylin-
der, thus giving rise to a small region of recirculation.
This phenomenon is more predominant for low Darcy
numbers than for high Darcy numbers (see Fig. 6).
There is a significant drop in the local Nusselt number
along the radial direction, as shown in Fig. 9. This is
due to the fact that the recirculation zone increases

Effective thermal diffusivity ()

10-% 10¢

the resistance to heat transfer and hence there is a
drop in the local Nusselt number at the tip.

A correlation of average Nusselt number, with
respect to the Darcy number of the porous medium,
and the rotational Reynolds number of the cylinder
is obtained by using a least square fit on 156 data
points for a Grashof number of 10* and a Prandtl
number of 7.0. It was found to be of the form

Nu=a+((b+cVo+dVor)e b

where «a= 375358, 5=2.01,
d=10.00155and f=1.1x107%

The correlation shows that the average Nusselt
number is a parabolic function of the rotational Reyn-
olds number Vo and a decaying exponential function
of the Darcy number Da. As a result, for a very large
number, the correlation loses the dependence of Vo
and Da. Hence we get a constant value of the Nusselt
number which is nothing but the conduction limit. On
the other hand, for a very low Darcy number, the
average Nusselt number becomes a function of Vo
only. This becomes the case of a cylinder spinning in
a pure fluid medium. Thus the proposed correlation
can handle extreme cases. The conduction limit was
validated against the ANSYS package. It was found
that the Nusselt numbers predicted by the proposed
correlation, and computed by using ANSYS, differ by
1.5%. However, for the pure convection limit, the
authors know of no existing correlation of Nusselt
number for validation. The fitted value of the Nusselt
number using this correlation is found to be within
10% error of the computed value. Figure 10 shows
the mean Nusselt number variation with respect to
rotational Reynolds number for various Darcy
numbers.

c=0.2516x10"%

CONCLUSION

The heat transfer characteristics from the tip of
a cylinder spinning about its vertical axis inside a
saturated porous medium is studied numerically. The
results show that the Nusselt number is a decaying
exponential function of the Darcy number and a para-
bolic function of the rotational Reynolds number.
Moreover, there is a significant increase in the mean
Nusselt number below a certain Darcy number for a
given Vo, The heat transfer takes place mainly due to
conduction for low rotational speeds and convection
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FIG. 2. Streamline and isotherm plot for Gr = 10*, Da = 10® and Vo = 0.
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ISOTHERM PLOT STREAMLINE PLOT

&« Y e
Y Values |Valuse

f 1.34e-1| 0.1
2.67¢~1| 0.2

4.0te~-1| 0.3

534e-1| 0.4

6.87¢—t | 0.5

8.0te-1| 0.8

9.34e~-1| 0.7

1.068 0.8

1.202 0.9

10, 1.335 1.0

FiG. 4. Streamline and isotherm plot for Gr = 107, Da = 10* and Vo = 0.
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F1G. 5. Nusselt number plot for Gr = 10°, Da = 10* and
Vo =0.
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FIG. 8. Streamline and isotherm plot for Gr = 10%, Da = 10* and Vo = 5000.

50.00

40.00

nuyoER

20.00

NUSSELT

10.00

—

[=3

°.

.00 0.20 0.40 0. 6
R / RO

0 0.80 1.00

F1G. 9. Nusselt number plot for Gr = 10%, Da = 10* and
Vo = 5000.
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30 T

Rotational Reynolds Number Vo

F1G. 10. Correlation for mean Nusselt number.

takes over at high rotational speeds for a given Darcy

number.
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TRANSFERT CONVECTIF A LA BASE D’UN CYLINDRE PIVOTANT AUTOUR D’UN
AXE VERTICAL DANS UN MILIEU POREUX SATURE

Résumé—On étudie numériquement le transfert thermique 4 la base d’un cylindre pivotant autour d’un
axe vertical dans un milieu saturé poreux. Le probléme est axisymétrique. Les équations sans dimension
sont résolues avec I’algorithme SIMPLER sur une grille étagée. L’influence des nombres de Reynolds
rotationnel et de Darcy sur le transfert thermique est étudiée pour un nombre de Grashof de 10* et un
nombre de Prandtl de 7. On trouve que pour des nombres de Darcy trés élevés, le transfert est principalement
de conduction pour un large domaine de nombre de Rayleigh rotationnel. Le transfert convectif prend
place aux faibles nombres de Darcy et pour les nombres de Reynolds rotationnel les plus élevés. Néanmoins,
il y a un accroissement rapide du nombre de Nusselt global au dessous d’un certain nombre de Darcy avec
I'accroissement du nombre de Reynolds rotationnel. L’effet du nombre de Darcy et du nombre de Reynolds
rotationnel sur le transfert thermique et 1'’écoulement dans le milieu poreux est décrit par des cartes
d’isothermes et de lignes de courant. On trace la variation du nombre de Nusselt global relativement au
nombre de Darcy pour plusieurs nombres de Reynolds rotationnels. On donne la variation du nombre de
Nusselt local, pour la coordonnée radiale de I'extrémité chauffée du cylindre vertical, pour plusieurs
nombres de Darcy et de Reynolds rotationnel.

KONVEKTIVER WARMEUBERGANG AM BODEN EINES UM SEINE VERTIKALE
ACHSE IN EINEM GESATTIGTEN POROSEN MEDIUM ROTIERENDEN
ZYLINDERS

Zusammenfassung—Es wird der Wirmeiibergang an der Unterseite eines Zylinders numerisch untersucht.
Der Zylinder rotiert um seine vertikale Achse und befindet sich in einem unendlich ausgedehnten, geséttigten
pordsen Medium. Das Problem ist achsensymmetrisch. Die Erhaltungsgleichungen werden dimensionlos
gemacht und mit Hilfe des SIMPLER-Algorithmus mit einem gestuften Gitternetz gelost. Es wird der
EinfluB der Rotations-Reynolds-Zahl und der Darcy-Zahl auf den Warmeiibergang fiir eine Grashof-Zahl
von 10* und eine Prandtl-Zahl von 7,0 untersucht. Fiir sehr groBe Darcy-Zahlen zeigt sich in einem weiten
Bereich der Rotations-Reynolds-Zahl, daBl der Wirmetransport hauptsachlich auf Wirmeleitung beruht.
Konvektiver Wirmetransport findet bei kleiner Darcy-Zahl und gréBeren Rotations-Reynolds-Zahlen
statt. Dariiberhinaus nimmt die Gesamt-Nusselt-Zahl unterhalb einer gewissen Darcy-Zahl mit
zunehmender Rotations-Reynolds-Zahl rasch zu. Der EinfluB der Darcy- und der Rotations-Reynolds-
Zahl auf den Wirmeiibergang und die Stromung in einem pordsen Medium wird in Form von Stromlinien
und Isothermen gezeigt. Insbesondere wird die Verinderung der Gesamt-Nusselt-Zahl in Abhéngigkeit von
der Darcy-Zahl fiir verschiedene Rotations-Reynolds-Zahlen dargestellt. AbschlieBend wird der Verlauf
der ortlichen Nusselt-Zahl an der beheizten Oberseite des vertikalen Zylinders in radialer Richtung fiir
verschiedene Darcy- und Rotations-Reynolds Zahlen gezeigt.
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KOHBEKTHBHbBIN TEIUIOIIEPEHOC OT OCHOBAHMS LWIMH/IPA, BPAIAIONIETOCA
BOKPYT BEPTUKAJILHO¥ OCH B HACHIHEHHOY NNOPHUCTON CPEAE

AmnoTaums—UHKCIEHHO MCCIEAYIOTCA XapaKTepHCTHKH TelIoNnepeHoca OT OCHOBAHMS HMJIMHIDPA, Bpa-
{IAOILETOCH BOKPYr BEPTIKAIBHOM OcH B OeckoHeYHON HachIUEeHHOH MOPHCTOH cpene. 3amada ABJIACTCA
OCeCHMMETpHYHOH. BespaiMepHile ompenensiolIde YPaBHEHHA PEUIAIOTCA C HCHOJB3OBAHHEM AJIro-
purma SIMPLER. Hccnienyercs BIHAHME BpaIaTe/bHBIX yucen Pelinonbaca u uncen Jlapen Ha Temio-
nepenoc npu uncie ['pacroda, pasaom 10* u wncne Ipanxrns, pasaoM 7,0. Hailiaeno, 9To npd odeHsb
6onpumx yucaax Jlapcw B IMMPOKOM [MANa3’oHE BPAlLATe/LHBIX 4Hcen PeiiHombaca TemionepeHoc
NPOHMCXOOUT HPEeMMYIICCTBEHHO 32 CYeT TennonposoasocTy. KONBEKTHBHEIA NEPEHOC TEIUIa OCYyILecTBI-
sercs upy Gonee HH3KUX uncnax Japcu ¥ Soasmmx Bpamaresbapix unuciaax Peitnonbaca. Kpome Ttoro,
npu yucnax Jlapcu Mensiiie ONpPEedencHHOro 3HaYeHHA HaOGmonaeTcs pelxkoe ysenmyenme umcna Hycce-
JbTA ¢ POCTOM BpamiarensHoro yucna Pefinonnaca. Biusuue 9scna JlapcH M BpalaTeNBHOIO 4HCHA
PeifHonbaca Ha TEIUIONEPEHOC H TEYCHHE XHIKOCTH B NMOPHCTOH Cpese HILMOCTPHPYETCH rpadHyecky B
suje auEuid Toxa M m3orepm. Ilpusonatca rpaduku nimenenn# uncna HyccensTa B 3aBHCHMOCTH OT
gyucna Jlapew npu pashuyHbiX BpamaTtenbHsix sncnax Peltnonsaca. JaroTcs Takke rpaduku H3MCHEHHS
noxanpHoro wncaa Hyccennta kax GyHKIMH pagManbHOi KOOPIHHATHI Y HATPETOrO OCHOBaHMA BEPTH-
KaNLEOro WHAMKHPA IPH PA3SIMYHBIX dKciax Japcu i BpaniaTenbHbX Yacnax Pe#nonbaca.



