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F1G. 2. Comparison of local Nusselt number for heating and evaporation with constant wall heat flux.
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1. INTRODUCTION

THE sUBJECT of enhanced heat transfer (passive or active)
can be divided into two areas : (i) improvement of heat trans-
fer rates at solid surface—fluid interfaces; and (ii) improve-
ment in transport capabilities of the conducting fluid. In the
former case it has been shown theoretically and exper-
imentally that the oscillation of the surface can increase the
heat transfer rate, and various geometries and techniques
have been explored [1-3]. In the latter case a variety of
methods have been considered, including wicked or gravity-
driven heat pipes and packed-bed heat pipes [4]. Recently
the laminar oscillation of an otherwise stationary fluid has
also been studied [5-11]. The oscillation technique, which is
the subject of this study, is based on the periodic longitudinal
convective—lateral diffusive thermal energy transport in the

presence of a longitudinal temperature gradient. This can
result in a very significant increase in the longitudinal trans-
port capability of the fluid.

This idea was initially applied to the enhancement of longi-
tudinal oxygen dispersion in pulsating flows in pulmonary
systems [5, 6, 8] and has recently been applied to axial
transport of thermal energy [9-11].

The available studies of this phenomenon, which are based
on the application of the conservation equations to periodic
laminar flows, have led to the prediction of the longitudinal
heat transfer rates [10, 11]. Closed-form solutions have been
found for one-dimensional and linear velocity and tem-
perature fields. Experimentally {9], enhanced heat transfer
rates have been found using water as the fluid, 1-mm-ID
capillary tubes, oscillation frequencies between 2 and 8 Hz
and tidal displacements (i.e. the average particle dis-
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NOMENCLATURE
a half channel width [m] 0 oscillatory component of the temperature,
b half wall thickness [m] ge' [m]
¢ specific heat [JTkg 'K ] ) frequency [rads™]
Ec Eckert number, (2’w?)/(cAT) K thermal diffusivity [m?s~"}
g spatial component of the oscillating g (a+b)la
temperature [m]) p density [kgm™?]
k thermal conductivity [Wm~'K~'] [ viscous dissipation [m*s™?]
P pressure [Nm™?] v kinematic viscosity [m?s™']
P absolute value of maximum pressure 5 Stokes viscous sublayer thickness (2v/w)"* [m}
gradient [N m~] o KK
Pe Péclet number, u.a/k; u kifk,
Pr Prandtl number, v/x, AT T,—- T, [K]
q heat flux [W m~?| .
Re Reynolds number. u.a/v Superscripts
u velocity [ms™'] . time averaged
u, characteristic VeloCity, pi ma/(p@w?) [ms™'] dimensional.
T temperature [K] ;
T, time-averaged temperature gradient [K m™] Su(l:)scnpts cold
d time [s] e effective
x,y coordinate axes [m]. £ fluid
0 fundamental
s solid
Greek symbols max  peak
o Womersley or Stokes number, aw'?/v'? h hot.

placement over half of a cycle) of between 2 and 12.5 cm.
However, the nature of the experiment did not allow for
a steady-state behavior.

The concept can be applied to the transport of large heat
fluxes between two reservoirs without allowing any con-
vective mixing of the fluids contained in each reservoir.

In this study the analysis of ref. [11] is extended to include
the effects of: (i) viscous dissipation, (ii) the presence of
harmonics other than fundamental harmonics, (iii) channel
spacing, and (iv) wall thickness. Conditions for the optimum
performance are also discussed.

2. ANALYSIS

The analysis is based on the available results given in refs.
[5, 11]. These are slightly extended and are repeated here for
completeness. For quantities which appear in both dimen-
sional and nondimensional forms, asterisks are used to indi-
cate that they are dimensional.

The length scale of the problem can be taken as half of the
channel width, a. The time scales are associated with the
diffusion of heat in the fluid and solid, the penetration of
wall shear stress, and the period of oscillation. These are
@[k, @fx,, a*/v and 1/w, respectively. Here we choose 1/
as the time scale, and therefore aw will be the velocity scale
and pa’ew’ will be the pressure scale. The temperature is
nondimensionalized by using AT* = T¥—T¥. Based on
these scales, the dimensionless forms of the conservation
equations are

Vou=0 ¢y

u+ @ V)u=-VP+a 2V )
T+ @ V)T = (&2Pr)"'VT +12Eca2® 0<y< 1

(3a)

T,=(ca?Pr)"'VT 1<y<ce 3b)

where equation (3a) describes the temperature field in the
fluid and equation (3b) is for the confining solid. A rec-
tangular coordinate system is chosen with y in the lateral
direction and x in the longitudinal direction and symmetry
is assumed around y = 0. Here, «> = a’w/v is the ratio of the

HMT 29:12-P

viscous penetration time scale to the oscillation time scale
(Womersley or Stokes number), &> Pr = d’w/i; is the ratio of
the thermal diffusion time scale to the oscillation time scale,
and o = Ky/k, is the ratio of the solid to fluid thermal diffusion
time scale. Other parameters are defined in the Nomencla-
ture. From the boundary conditions on the heat flow rate at
y = 1 (the fluid—solid interface), a parameter appears which
describes the ratio of thermal conductivities, u.
The dimensioniess tidal displacement is [S, 11]

J‘W Judy dtl (€3]
-2

and the effective thermal diffusivity is defined through

Ax =

Ke

_ 1 2r f°1
— T = —
ol 2n£ ﬁ Real(T) Real(w) dy dz.  (5)

Then, the heat transfer rate per unit area can be defined
as
_ KepeceTH

©
which shows that the heat transfer increases with pe; and
T* where T? is the time-averaged dimensional longitudinal
temperature gradient (K m~").

For a one-dimensional (i.e. fully-developed) velocity field,
the solution for velocity is the real part of [11, 13]

. cosh(i"ay)| , . .,
u—luc[l—m € —1ucfe (7)

where i'? = (1+i)/2"% and i = (—1)'2

The energy equations for the fluid and solid (neglecting
axial conduction in the fluid and solid and for a one-dimen-
sional velocity field) are

T +iu T, fe = («*Pr)™'T,, +ulEca *(f,e")* 0<y <(§

T, = (s0’Pr)"'T,, l<y<e Q)

these are subject to Ti(l) = T(1) and uT, =T, in addi-
tion to the symmetry conditions at y = 0 and &.
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FiG. 1. The variations in the magnitude of the effective thermal diffusivity with respect to the channel
width. The Stokes viscous sublayer thickness is also shown.

Now assuming that 7 = T .(x+ge") = T.(x+8), where T,
is taken to be positive, the solution for the fluid temperature
is [11]

Pe Pe’
— i 1/2 _
g =cicosh P eyl + o ) T & =1
cosh (i'2ay)
- | 0yl
X [l cosh (i%a) Y
g =cycosh[(icPr)x(e—1)] 1<y<e (10)

where
C = Pe{uPr'” tanh (i)' + ¢'” tanh [(ic Pr)' Pa(e — 1)]}
a®(Pr—1)Prcosh [(iPr) o] {u tanh [(iPr) ]

+¢"? tanh [(ic.Pr) 2a(e~ 1)]}

C\*Pr(Pr—1) cosh [(iPr) %] + Pe’
o’ Pr(Pr— 1) cosh [(ic Pr)2a(e—~1)] ©

The results for Pr = | should be obtained by taking the limit.
Then, the dimensionless tidal displacement becomes [11]

tanh (i"2a)
Ax = ZUCI:I - W .

The average increase in temperature due to viscous dis-
sipation and over a cycle can be defined as

1 (= M e
ATdiss = ﬂf [J\ Tdy J TdV:|d[
ulEc 5
> (f,e")dydr
1 2 12 it
J J Ecli , sinh (i "*ay)e ] dydr.
o

cosh (i'a)

This is found by adding the fluid and solid energy con-
servation equations and then integrating the resulting
equation over 0 <y <e¢ and 0 << 2n, applying the
boundary conditions at y = 1 and ¢, and then dividing by
2n.

Integration of equations (5) and (12) was done numerically
using the trapezoidal rule, and progressively smaller Ay and
At were used until the results no longer changed.

G, =

(1n

(12)

3. RESULTS AND DISCUSSION

For a given fluid and channel wall material the magnitude
of effective thermal conductivity depends on the peak vel-

ocity u¥ and tidal displacement Ax*. However, «* and Ax*
cannot be increased indefinitely due to: (a) the transition to
turbulence (limitation on «¥) ; and (b) the undesirable arrival
of the fluid in one reservoir to the other (limitation on Ax*).
The magnitudes of #} and Ax* are determined by the peak
pressure gradient and the frequency. The limitations on
P¥ax and @ are mechanical. Therefore, the optimum con-
dition is that which will maximize , subject to these physical
and mechanical constraints.

In the following, the effects of various parameters on the
magnitude of k. are examined, while demonstrating the prac-
tical limitations of the constraining parameters (x* and Ax*).

3.1. Channel width

The thermal energy storage-release process is based on
heat diffusion across the channel. Therefore, the channel
width cannot be made very large. Moreover, the channel
width has to be larger than twice the viscous sublayer thick-
ness, which is the area adjacent to the wall where the effect
of the wall no-slip condition is concentrated. Figure 1 shows
how the effective thermal diffusivity first increases with the
half channel width, a, and attains a maximum around a = §,
and then decreases with an increase in a. Figure 1 also shows
that for a given P}, and w, the tidal displacement increases
with a.

3.2. Fluid

As given by equation (6), the longitudinal heat transfer
rate increases with an increase in pyc;. Also, the viscosity and
thermal conductivity of the fluid influence the magnitude
of the effective thermal diffusivity [through equation (10)].
Figure 2 shows the variation in x, with respect to frequency
for three different fluids, namely, mercury, water and light
oil. The results are for Ax* = 1 m, aluminum channel walls
of £ =2, and a = 5x 107* m. Note that although x /wAx*?
reaches its maximum value for (’w/k;) = o’Pr of approxi-
mately 3, there is no maximum for «, with respect to w.

For water and light oil, there exists an intermediate range
of w for which k. does not change significantly with .

3.3. Channel wall

The channel wall stores and releases thermal energy. The
wall thickness and thermophysical properties should comp-
lement the properties of the fluid, among other require-
ments. Figure 3 shows the effect of the wall thickness on the
effective thermal diffusivity. The results are for mercury as
the fluid and aluminum or glass as the channel wall. Results
show that for lower values of , the magnitude of k. increases
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Fi1G. 2. The variations in the magnitude of the effective
thermal diffusivity with respect to the oscillating frequency
for different fluids.
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FI1G. 3. The effects of wall thickness and material on the
effective thermal diffusivity.
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F1G. 4. The average increase in the fluid temperature over a cycle for various fluids and tidal displacements.
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with an increase in ¢. Note that axial conduction through
the solid is neglected and the longitudinal heat transfer is
inversely proportional to &, as given by equation (6). There-
fore, for g to increase with ¢, k./e must increase with &.

Figure 3 also shows that a given wall material does not
optimally complement the fluid at all frequencies.

3.4. Viscous dissipation

Since the magnitude of k. increases with increases in w and
u¥, the viscous dissipation can become significant when large
values of i, are attained. The average temperature rise during
a cycle, which is obtained by integrating the energy equation,
is given by equation (12). Figure 4 shows this increase in
temperature as functions of frequency and Ax* for different
fluids. The results are for an aluminum channel wall, ¢ = 2,
and @ = 5x 10™* m. The results show that for large values
of Ax* and w, even for water as the fluid, significant tem-
perature rises can occur.

3.5. Other harmonics

Due to the linearity of the momentum and energy equa-
tions, the solutions for other harmonics are similar to those
given in Section 2. If the magnitude of P}, is the same for
all the harmonics, then for frequencies lower than the one
produced by the oscillator, the tidal displacement will be
larger than that for the oscillator frequency and vice versa.
For lower frequencies, the magnitudes of »* and Ax* may
become so large as to either cause transition to turbulence
[12] inside the channels (large 1) or move the fluid from one
reservoir to the other (large Ax*). Therefore, the presence of
frequencies lower than fundamental can severely alter the
performance.
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