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Abstract

The SIMPLE-C scheme is used to solve the mass, momentum, energy conservation equations and turbulent k—¢
equations with a two-layer model near wall for a fluid past a reciprocating circular ribbed channel when changing Rey-
nolds number (4250-10,000), Grashof number (0-400,000,000), pulsating number (0-9.3) and cooling mediums. The
average time-mean Nusselt number for the reciprocating circular ribbed channel can be 45-182% larger than that
for the equivalent stationary smooth channel. The heat transfer enhancement produced by buoyancy for the recipro-
cating circular ribbed channel decreases as the pulsating number increases. The oscillating amplitude of Nusselt number
with crank angle in the oil-cooling is less than in the water-cooling.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The possibility of enhancing the heat transfer rate
from piston has been explored by means of cooling
channels in marine heavy engines such as diesel engines
and Stirling engines in order to obtain low fuel con-
sumption and high power [1,2]. The fluid flow and heat
transfer within the cooling channels are very compli-
cated because the pressurized water or oil in these chan-
nels has to reciprocate with the piston. Despite the heat
transfer enhancement devices for the cooling channels,

* Corresponding author. Tel.: +886 6 274 7018; fax: +886 6
274 7019.
E-mail address: z7708033@email.ncku.edu.tw (H.-W. Wu).

the effect of the reciprocation motion on the heat trans-
fer has to be considered.

Chang and Su [3] conducted an experimental work
on the heat transfer from a reciprocating square ribbed
enclosure. They found that at the highest reciprocating
speed test, the heat transfer enhancement due to the pure
shaking effect is 45% of the equivalent stationary situa-
tion. However, relatively few investigations have been
performed on this kind of study, but the similar study
is on pulsating or oscillatory flow superimposed for a
stationary channel. Mackley et al. [4] conducted experi-
mental heat transfer measurements for smooth and baf-
fled tubes with flow oscillations superimposed on the net
flow, and reported a significant increase in the Nusselt
number for the baffled tube. Howes and Mackley [5] pre-
sented a simulation of chaotic mixing and dispersion for
baffled channels, within which a periodic flow was forced
with or without a net through-flow. They found that a
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Nomenclature

Cy, G5, C3 constants in turbulent model

D diameter of a circular ribbed channel

E empirical coefficient used for the wall func-
tion

Gy generation rate of turbulent kinetic energy

Gr Grashof number (Gr = gfg.D*(Kv?))

H distance from entrance to first rib or rib
spacing

h rib width

K thermal conductivity

k turbulence kinetic energy

L length of a circular ribbed channel

I connecting rod length

I length-scales (I, = Cy[l —exp(—Re,/A,)],
I, = Ciyl(1 + 5.3/Re)))

Nu local Nusselt number (077/(7,0n))
Nu time-averaged Nusselt number

n normal vector

P dimensionless pressure (P*/pU2)
Pr Prandtl number (v/o)

Pr, turbulent Prandtl number (v/o)
Pu pulsating number (wR./Up,)

Gw heat flux at the channel wall

R, radius of crankshaft

Re Reynolds number (U,,D/v)

Re, effective Reynolds number (1/Re + 1/Rey)

Re; turbulence Reynolds number (U,,D/v,)

Re, turbulence Reynolds number near the wall
(Viy/v)

r, z, 0 dimensionless cylindrical coordinates rela-
tive to the stationary coordinate system

7, Z, 0  dimensionless cylindrical coordinates rela-
tive to the reciprocating system coordinate
(F=7#/D,z=%/D,0=0)

Se source term for variable

i dimensionless time (' /(D/Un))

T dimensionless  temperature  ((T* — T.)/
(qwDIK))

U, V' dimensionless axial and radial velocity com-
ponents in the stationary frame

u, v dimensionless axial and radial relative veloc-
ity components in the reciprocating frame
(u=u*Uy, v=0*Up)

Un, inlet velocity

Up dimensionless  piston speed (Up =
Pusin(wt"){—1+ cos(wt*)/[(lo/R)’~
sin’ (or')]F})

Up piston speed

w rib height

y minimum distance to the wall

Iy turbulent diffusion coefficient

\% del, a vector operator

V2 Laplacian operator

P dependent variable

K von Kérman constant

€ turbulence dissipation rate

o, 0,  constants in turbulent model

0 fluid density

v kinematic viscosity of fluid

Ve turbulent kinematic viscosity of fluid

10) revolving velocity

Ty wall shear stress

Superscript

* dimensional physical quantity

Subscripts

0 initial location

w wall

00 reference

s surface-averaged for smooth channel

ave surface-averaged

baffled channel could generate a well-mixed flow. Fusegi
[6] performed numerical computations on the fully
developed turbulent flow and heat transfer in a periodi-
cally ribbed channel with an externally sustained oscilla-
tory pressure gradient. His results showed that eminent
vortical structure has significant bearing on the heat
transfer rate at the constant-heat-transfer surface at
the lower wall of the channel. Fusegi [7] also investigated
the combined effects of the oscillatory through-flow
and the buoyancy on the heat characteristics of a lami-
nar flow in a periodically grooved channel.

However, there are no numerical studies available on
turbulent buoyant flow and heat transfer in a circular
ribbed channel undergoing reciprocating motion. This

paper uses a SIMPLE-C method of Van Doormaal
and Raithby [8] and k—¢ turbulent model [9] with a
two-layer model near wall [10] to investigate the turbu-
lent buoyant flow generated in reciprocating motion
and its effect on heat transfer along the wall surface.
For the purpose of effectively solving this problem,
velocity components in the stationary frame has to be
changed to the relative velocity components in the recip-
rocating frame as the procedure Sabersky et al. [11] used
to solve the rotation problem of a turbine.

The objective of this paper is to quantify the effect of
Reynolds number, Grashof number and pulsating num-
ber on heat transfer from a circular ribbed channel at
constant wall heat flux when the channel is in the process
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of reciprocating motion for cooling fluids including
water and oil. The results of this study may be of interest
to engineers attempting to design piston cooling in
heavy engines and to researchers interested in the flow-
management aspect of heat transfer enhancement by
means of ribs embedded in a reciprocating circular
channel.

2. Mathematical model

Fig. 1 shows the configuration enclosing the flow do-
main considered in the present study. It is assumed to be
an axisymmetric turbulent flow in a circular ribbed
channel on the simplified piston undergoing reciprocat-
ing motion. The Navier—Stokes equations, energy equa-

tion and the k—¢ turbulent models [9] are employed here.
The geometrical relations for this ribbed channel are set
as L/ID =10, H/D =1, w/D =0.1, and A/w = 1. In order
to simplify the turbulent flow phenomena in pipe, the
following assumptions are made: (1) the fluid is incom-
pressible; (2) no-swirling flow; (3) all the fluid properties
are assumed to be constant; (4) the turbulent viscosity
coefficient is isotropic; (5) Boussinesq approximation is
available for the buoyancy effect [12]. To describe the
fluid motion inside the reciprocating cooling passage,
we employ a new coordinate system which itself is in
reciprocating motion. Fig. 1 shows the relation between
two coordinates systems. If (U*, 7*) be the velocity com-
ponents in the stationary frame (r*,z*, 0%), and (u*,v*)
be the relative velocity components in the reciprocating
frame (#*,z", (9*), we can write

>N

2!

N

Crank
angle

Fig. 1. A circular ribbed channel on a reciprocating piston.
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U =u' +Up

N 1)

In which piston velocity is equal to

cos(wt*)

() st ]

The relative positions of the reciprocating system with
respect to the stationary frame are

Up = oR, sin(wt*) ¢ —1 +

r=r

P

0 =0 —6; 3)
P

"=z —z —/ Up(r)dr
0

May yield

0_2 U; 0 4)

o or PeE
~ ) ~2
V=V, V=V (5)
After substituting Eqgs. (1)—(5) into the momentum and
energy equations, we can get a new set of the governing
equations in the reciprocating frame after the coordinate
transformation. Introducing the following non-dimen-
sional parameters

I A A t
F=—, ==, i=
D D D/Upn
u* v* T — Ty
u= s v = s =
Un Un 2D
P* k* *
P=—s, k=—s, g:f—
pUm Um Um/D
UnD UnD D* Rer
Re = , Re = , GV:gﬂqW , PM:w ¢
v V¢ Ky? Un
(6)

Consequently, for the axisymmetric flow the general
form of the dimensionless governing equations can be
expressed as follows:

6(p~ ) +; {3 (Fov®) + i (?pudi)}

ot or Z

1[0 /. 0@ o/(/.. 0@ ~

where @ is the dependent variable. In the left-hand side,
the first term represents the unsteady term and the sec-
ond term represents the convective effect of the flow field
so-called convection term. The first term in the right-
hand side represents the diffusive effect and so-called
diffusion term. S and I'g are the source term and turbu-
lent diffusion coefficient, respectively. The corresponding
@, I'p and S in every conservative equation and the tur-
bulent empirical constants Launder and Spalding [9]
used are listed in Table 1.

Table 1

Diffusion coefficients and source terms with parameters expression in governing equations

)] I'p 3~¢

1 0

. il P18 (1 a D1 a0 28 Gr o 9o,
Re. 0z 07 \' Re. 0z 0z \Re. 0z 30z Re? ot

’ 1 oP ailaera 1 Ou 2 v 20k
Re. oF 07 \' Re, OF 0z \ Re. OF Re.7? 307
1 11 Gr oT

k —+—— Gy —pe ———————
Re+Rel o) kope PrRe.Re* 0z
1 11 € Gr 0oT

‘ Re " Reo, k (C‘Gk m O O Reke a—)
1 1

T + 0
PrRe = PriRe;

Note:

1 au\’>  (w\? | 2 v du\’
=— 2| (= = Z b Wt )

G Rel{ {(az) + <a;) +(3) } + (afa;)

1 N 1

Re. Re  Re’

o, =10 o6,=13 Pr=009.
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For the two-dimensional and geometric symmetry,
the boundary conditions at the inlet, outlet, and sym-
metric axis and the wall are prescribed in the present
study.

(1) Inlet:
u=1-Up, v=0, T=0

k=0.0032, &=C,k"/0.015 [13] (8)

(2) Outlet:
The diffusion coefficient is assumed to be small at
outflow boundary condition [14].

(3) Symmetric axis:

P

aa—~:07 v=0, where ®=uk,eT 9)
P

(4) Walls channel (including ribs):

u=0, v=0

orT

P —1 (Constant heat flux) (10)
n

In which n denotes the normal to the solid surface.
Then the local Nusselt number (Nu) may be defined
as

1 or

Nu=— —
“ Ty On

(11)
In order to save grid points and hence computer stor-
age and time, to increase the robustness of the method,
and also to introduce the fairly well length-scale estab-
lished distribution very near walls into the model, the
present study applies two-layer model. That is, use k—
¢ models only away from the wall and the near-wall,
viscous-affected regions are resolved with a one-equa-
tion turbulence model; that is, turbulent kinetic energy
k is determined from the model while its dissipation
rate ¢ is determined from a prescribed length-scale dis-
tribution /. Hence, the eddy viscosity relation is rewrit-
ten as

= pC,Vkl, (12)
and ¢ is determined from

JEi
-2 (13)

The length-scales /, and /, adopted by Rodi [10] is from
the length-scale model of Norris and Reynolds [15] be-
cause the Norris-Reynolds model was found to perform
well in boundary layers with an adverse pressure gradi-
ent and transpiration. The length-scales relation employ
is presented as follows:

l,=Cy [1 — exp (—Re}')] (14)
Ay,

&

Cy

l= 1 +5.3/Re, (15)
which involves the argument Re, defined as Re, = @
Re,, varies relatively slowly along lines parallel to the
wall, does not vanish at separation, and remains well de-
fined in the regions of flow reversal. The constant C; is
chosen as C; = KC;3/4, where k(= 0.41) is the von Kar-
man constant, while 4, are model coefficients equal to
50.5 which proposed by Rodi [10].

Formulation and discretization for all transport
equations are obtained by means of the SIMPLE-C
algorithm with the control volume approach for each
equation arranged into transient, diffusion, convection,
and source terms.

3. Results and discussion

In this study, the Reynolds numbers are taken as
5000, 8000 and 10,000, the Grashof numbers as 0,
10,000,000, and 400,000,000 and the pulsating numbers
as 0, 1.55,1.94, 3.1, 3.87, 4.64, 5.8 and 9.3 when the Pra-
ndtl number is kept at 7.0 for water and at 84 for cooling
oil. All the calculations have been performed by using
K7-500 computer. A mesh (205 x 52) was chosen for
all cases after several test runs have been made. Further
refinement changed the Nusselt number less than 0.05%
for the test runs. The other two meshes tested are
190 x 40 and 224 x 66. The time increment Af was set
at 0.001 in the calculations of unsteady flow and heat
transfer to keep Courant number less than 1, and the
computation time was about 18 hr to 20 hr of CPU time.
Since there were no suitable reports found to deal with a
circular ribbed channel heated under reciprocating mo-
tion, we apply the present method to solve turbulent
flow in a stationary rib-roughened circular tube at
Re =10,000, Pr=0.73 before solving the problem. The
rib-roughened circular tube wall is considered to be at
a uniform heat flux. As shown in Fig. 2, the trend of
time-averaged Nusselt number agrees well with Kiml
et al.’s experimental results [16], although the maximum
difference between the numerical and experimental val-
ues is 8%. Hence it still gives one confidence in the use
of the present solution scheme.

Because the channel moves at variable speed up and
down, the flow field in the channel is subject to a recipro-
cating force resulting in flow acceleration or deceleration.
Stream patterns for the third to fifth ribs in a circular
ribbed channel are shown in Fig. 3 for different crank an-
gle, at Re = 5000, Gr =0, Pu=6.2 and Pr= 7.0, where
the cooling fluid is water. The fluid movement in the
channel is from left to right due to inertia of fluid when
piston speed is zero at 0°. Two recirculation zones are
also generated between two ribs, and one generated in
front of each rib becomes larger and obviously combines
with another in rear of each rib to form a single one from
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5k + Measured by Kiml et al.
— Present numerical results
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Fig. 2. Comparison between the present predictions and Kiml
et al.’s predictions for a stationary rib-roughened circular tube
with uniform wall heat flux at Re = 10,000 and Pr =0.73.

30° to 80°. This result is due to a reversing flow when pis-
ton moves from bottom dead center towards top dead
center and piston speed is larger than fluid speed at the
inlet. The recirculation zone is generated in front of each
rib, and it becomes larger from 200° to 280° with an
increase in positive relative velocity; since piston speed
increases and both piston and fluid speed at the inlet
are in the opposite direction when piston moves from
top dead center towards bottom dead center. When the
pulsating number increases to 9.3, stream patterns for
the third to fifth ribs in a circular ribbed channel are indi-
cated in Fig. 4. The recirculation zone in front of each rib
in Fig. 4 is larger than that of the corresponding rib in
Fig. 3 for the crank angle due to the increased reciprocat-
ing force except at 0°. Figs. 5 and 6 show the transient
Nusselt numbers along the circular ribbed channel wall
for a reciprocating circular ribbed channel at Pu = 6.2
(60 rpm) and Pu = 9.3 (90 rpm) for Pr = 7.0, Re = 5000,
and Gr = 0. The transient Nusselt numbers for both Figs.
5 and 6 have the same trend along the circular ribbed
channel wall and periodical variation with crank angle
because the fluid in the channel is subject to the periodi-
cal reciprocating force due to the reciprocating motion of
piston like sine wave one; besides, these values and the
amplitudes of oscillations increase as the pulsating num-
ber increases. For the same Reynolds number, a larger
pulsating number denotes a larger revolving speed of
crankshaft by its definition; this larger revolving speed
can make relative velocity between the fluid and the
channel vary periodically with shorter period and larger
amplitude of oscillation so as to obtain such a Nusselt
number distribution. However, the maximum values of
Nusselt number occur at the front corner of the each

rib; the minimum values occur at the regions near both
the front and rear corners of each rib. The values of Nus-
selt number of the region between two ribs increase
downstream to reach another maximum value and then
decrease. Apparently, these phenomena for both above
cases are physically reasonable. It can be explained from
Figs. 3 and 4 that when flow passes over the ribs, it is lo-
cally accelerated due to the diameter of the channel de-
creased and the curvature of the streamline at the
corner is very large to get a high speed; so the turbulent
convective hear transfer is large. A recirculation zone is
formed in the region near the front or rear corner of each
rib so that the heat is transferred poorly to the main-
stream flow. Generation of two recirculation zones be-
tween two ribs causes the variation of Nusselt number
with downstream. Fig. 7 indicates the transient Nusselt
number variation along the channel wall for a reciprocat-
ing circular ribbed channel with Re = 10,000, Pr=17.0
and Pu=3.1 (60 rpm). For the same revolving speed
(60 rpm) under forced convection, Nusselt number in-
creases as Reynolds number increases due to larger
forced convection from a comparison of Fig. 7 with
Fig. 5. Fig. 8 shows the transient Nusselt number
variation along channel wall for a reciprocating circular
ribbed channel at Pr = 7.0, Re = 5000, Gr = 400,000,000,
and Pu = 6.2 (60 rpm). For the same Reynolds number
and pulsating number as shown in Figs. 5 and 8§, increas-
ing Grashof number makes little difference in the varia-
tion of Nusselt number along channel wall and with
crank angle. This result is due to the reciprocating force
larger than the buoyancy force of fluid when the channel
undergoes reciprocating motion. In addition, increasing
the relative flow speed obtains effective heat transfer to
even temperature variation and decreases buoyancy ef-
fect. Fig. 8 shows transient Nusselt number variation
along channel wall for a reciprocating circular ribbed
channel at Pr= 7.0, Re = 10,000, Gr = 400,000,000, and
Pu =3.1(60 rpm). For the fixed Grashof number and re-
volving speed (60 rpm) as shown in Fig. 8 (Pu = 6.2) and
Fig. 9 (Pu=3.1), an increase in Reynolds number in-
creases transient Nusselt number variation, because this
reduces the value of Gr/Re?, and then the forced convec-
tion dominates the flow-field even in the presence of the
buoyancy force.

Cooling oil is also used as a coolant in practical pis-
ton cooling for a low heat rejection engine; if the same
velocity of inlet fluid is applied to water and oil,
Re =10,000 is for water and Re = 4250 is for oil due
to different viscosity. The Nusselt number variation
along channel wall for a reciprocating circular ribbed
channel at Pr=84, Re=4250, Gr=0, and Pu=3.1
(60 rpm) is shown in Fig. 10. The distribution of Nusselt
number is smaller than the case of water-cooling for a
circular ribbed channel as shown in Fig. 7; this smaller
distribution is due to the smaller heat capacity for oil.
Therefore, if oil cooling wants to have the same cooling
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Fig. 3. Stream patterns for the third to fifth ribs in a circular ribbed channel with Re = 5000, Gr = 0, and Pu = 6.2 at crankshaft angle
equal to (a) 0° (b) 30° (c) 80°% (d) 200°; (e) 280° (Pr ="7.0). (——p») piston movement direction; (—-—-—-) fluid movement

direction; the gravitation direction in all figures is from right to left.)

effect as water-cooling, it has to increase the flow rate.
Fig. 10 also indicates that Nusselt number has periodical
variation with crank angle but less oscillating amplitude
in the oil-cooling than in the water-cooling case as
shown in Fig. 7. This less oscillating amplitude can be
explained by that even with the same pulsating number,
the oil-cooling case has a higher Prandtl number result-
ing in viscous dissipation larger than heat conduction in

fluid. Fig. 11 indicates transient Nusselt number varia-
tion along channel wall for a reciprocating circular
ribbed channel at Pr=284.0, Re=4250, Gr=0, and
Pu=4.64 (90 rpm). Like the water-cooling case, the
transient Nusselt number varies along channel wall
and it also increases with increasing pulsating number.
Fig. 12 shows the transient Nusselt number variation
along channel wall for a reciprocating circular ribbed
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Fig. 4. Stream patterns for the third to fifth ribs in a circular ribbed channel with Re = 5000, Gr = 0, and Pu = 9.3 at crankshaft angle
equal to (a) 0° (b) 30° (c) 80°% (d) 200°% (e) 280° (Pr="7.0). (——p») piston movement direction; (—-—-—) fluid movement
direction; the gravitation direction in all figures is from right to left.)

channel at Pr =84, Re=4250, Gr = 400,000,000, and
Pu=3.1 (60 rpm). Like the water-cooling case, from a
comparison of Fig. 12 with Fig. 10, for the same Rey-
nolds number and pulsating number as shown in Figs.
5 and 8, increasing Grashof number makes little differ-
ence in the variation of Nusselt number along channel
wall and with crank angle.

The surface-and time-averaged Nusselt number is
calculated by the values of time-averaged Nusselt num-
ber on all grids of the ribbed channel wall boundary.
The values of surface-and time-averaged Nusselt num-
ber for channel at various values of Reynolds number,
Grashof number and pulsating number are listed in
Table 2 for cooling water and in Table 3 for cooling
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Fig. 5. Transient Nusselt number variation along channel wall for a reciprocating circular ribbed channel at Pr=7.0, Re = 5000,

Gr=0, and Pu = 6.2 (60 rpm).
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Fig. 6. Transient Nusselt number variation along channel wall for a reciprocating circular ribbed channel at Pr=7.0, Re =

Gr=0, and Pu=9.3 (90 rpm).
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Fig. 7. Transient Nusselt number variation along channel wall for a reciprocating circular ribbed channel at Pr= 7.0, Re = 10,000,

Gr=0, and Pu=3.1 (60 rpm).
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Fig. 8. Transient Nusselt number variation along channel wall for a reciprocating circular ribbed channel at Pr= 7.0, Re = 5000,

Gr = 400,000,000, and Pu = 6.2 (60 rpm).
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Fig. 9. Transient Nusselt number variation along channel wall for a reciprocating circular ribbed channel at Pr= 7.0, Re = 10,000,
Gr = 400,000,000, and Pu = 3.1 (60 rpm).
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Fig. 10. Transient Nusselt number variation along channel wall for a reciprocating circular ribbed channel at Pr = 84, Re = 4250,
Gr=0, and Pu = 3.1 (60 rpm).
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Fig. 11. Transient Nusselt number variation along channel wall for a reciprocating circular ribbed channel at Pr = 84, Re = 4250,
Gr =0, and Pu=4.64 (90 rpm).
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Fig. 12. Transient Nusselt number variation along channel wall for a reciprocating circular ribbed channel at Pr = 84, Re = 4250,
Gr = 400,000,000, and Pu = 3.1 (60 rpm).
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Table 2

The values of surface-and time-averaged Nusselt number for
the channel wall with various values of Reynolds number,
Grashof number and pulsating number for cooling water (gain
denoting the increase percent to surface-and time- averaged
Nusselt number for the stationary smooth channel at (panel A)
Re = 5000; (panel B) Re = 8,000; (panel C) Re = 10,000)

Nitgee Gain (%)
Panel A
Re = 5000, Nus = 45.6
Gr=20
Pu=0 79.486 74.31
Pu=3.1 (30 rpm) 82.099 80.04
Pu=6.2 (60 rpm) 101.871 123.40
Pu=9.3 (90 rpm) 128.642 182.11
Gr = 100,000,000
Pu=0 79.486 74.31
Pu=3.1 (30 rpm) 84.937 86.26
Pu=6.2 (60 rpm) 101.958 123.59
Pu=9.3 (90 rpm) 128.654 182.14
Gr = 400,000,000
Pu=0 87.866 92.69
Pu=3.1 (30 rpm) 86.394 89.46
Pu=6.2 (60 rpm) 104.080 128.25
Pu=9.3 (90 rpm) 128.745 182.34
Panel B
Re = 8000, Nus = 66.41
Gr=20
Pu=0 109.112 64.30
Pu=1.94 (30 rpm) 115.800 74.37
Pu=3.87 (60 rpm) 135.354 103.82
Pu=5.80 (90 rpm) 167.686 152.50
Gr = 100,000,000
Pu=0 110.236 66.00
Pu=1.94 (30 rpm) 116.785 75.86
Pu=3.87 (60 rpm) 135.997 104.78
Pu=5.80 (90 rpm) 167.757 152.61
Gr = 400,000,000
Pu=0 112.369 69.20
Pu=1.94 (30 rpm) 118.462 78.38
Pu=3.87 (60 rpm) 136.031 104.84
Pu=5.80 (90 rpm) 167.984 152.95
Panel C
Re =10,000, Nus = 80.81
Gr=0
Pu=0 117.370 45.24
Pu=1.55 (30 rpm) 135.400 67.55
Pu=3.1 (60 rpm) 154.236 90.86
Pu=9.3 (90 rpm) 193.623 139.60
Gr = 100,000,000
Pu=0 117.562 45.48
Pu=1.55 (30 rpm) 135.439 67.60
Pu=3.10 (60 rpm) 154.275 90.91
Pu=4.64 (90 rpm) 193.645 139.63

Table 2 (continued)

Nitgve Gain (%)
Gr = 400,000,000
Pu=0 122.894 52.08
Pu=1.55 (30 rpm) 135.505 67.68
Pu=3.10 (60 rpm) 154.341 90.99
Pu=4.64 (90 rpm) 193.699 139.70

oil. For the water-cooling case (Pr = 7.0), the maximum
value of surface-and time-averaged Nusselt number
for the channel wall appears at Re = 10,000, Gr=
400,000,000 and Pu = 4.64 (90 rpm), because the interac-
tion between larger reciprocating force and larger inlet
fluid momentum can enhance the mix convection trans-
fer. However, the maximum gain for the surface-and
time-averaged Nusselt number is 182.34% occurring at
Re = 5000, Gr = 400,000,000 and Pu = 9.3 (90 rpm); this
is because of the small surface-and time-averaged Nus-
selt number for the equivalent smooth stationary case.
An increasing proportion in the surface-and time-aver-
aged Nusselt number reduces as the Reynolds number
increases due to the pulsating number decreased for
the same revolving speed. Increasing the surface-and
time-averaged Nusselt number resulting from Grashof
number increased at the fixed Reynolds number and pul-
sating number is only about 0.5-1%. As a result, some
combinations of different Reynolds number, Grashof
number and pulsating number can greatly increase the
surface-and time-averaged Nusselt number so as to have

Table 3

The values of surface-and time-averaged Nusselt number for
the channel wall with various values of Reynolds number,
Grashof number and pulsating number for cooling oil (gain
denotes the increase percent to surface-and time-averaged
Nusselt number for the stationary smooth channel at
Re = 4250)

Nitaye Gain (%)
Re = 4250, Nu, = 54.2
Gr=20
Pu=0 93.518 75.54
Pu=1.55 (30 rpm) 101.764 87.76
Pu=3.1 (60 rpm) 115.696 113.46
Pu=9.3 (90 rpm) 135.392 149.80
Gr = 100,000,000
Pu=0 98.194 81.17
Pu=1.55 (30 rpm) 102.763 89.60
Pu=3.10 (60 rpm) 116.864 115.62
Pu=4.64 (90 rpm) 135.498 150.00
Gr = 400,000,000
Pu=0 105.720 95.06
Pu=1.55 (30 rpm) 107.763 98.83
Pu=3.10 (60 rpm) 118.239 118.15
Pu = 4.64 (90 rpm) 136.194 151.28
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a good effect in cooling performance for marine heavy
engines. Under the same inlet velocity (Re = 10,000 for
water and Re = 4250 for oil), the surface-and time-aver-
aged Nusselt number for the oil-cooling case (Pr = 84) is
much smaller than for the water-cooling case (Pr = 7.0)
resulting from the smaller heat capacity and larger fluid
viscosity for oil.

4. Conclusion

The unsteady turbulent mixed convection has been
investigated in a circular ribbed channel under recipro-
cating motion by carrying out a numerical method. On
the basis of these results presented and discussed in the
discussion section, we draw the main conclusion as
follows:

(1) The average time-mean Nusselt number gain for
the reciprocating circular ribbed channel (relative
to the equivalent stationary smooth case) can
reach 45-182%.

(2) For the reciprocating circular ribbed channel, the
surface-and time-averaged Nusselt number is
found to increase with increasing both the Rey-
nolds number and pulsating number due to the
strong interaction between reciprocating force
and inlet fluid momentum.

(3) For the reciprocating circular ribbed channel, the
period of variation of Nusselt number decreases
but the amplitude of oscillation increases with a
pulsating number at the same Reynolds number
due to a larger revolving speed.

(4) Buoyancy effect can help to enhance heat transfer
for the stationary circular ribbed channel but this
enhancement for the reciprocating ribbed channel
goes down as the pulsating number increases.

(5) For the stationary or reciprocating circular ribbed
channel, the averaged Nusselt number of oil-cool-
ing case is lower than that of water-cooling case at
the same incoming flow rate.
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