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Abstract

Numerical studies of unsteady heat transfer enhancements in grooved channel and sharp 180° bend flows of especial relevance to
electronic systems are made. Prior to these, to find the most efficient numerical approaches, performances of various pressure
correction, convective and temporal schemes are studied. To do this, the spatial development of an instability wave in a plane
channel flow is modelled. Grooved channel flow predictions suggest a commonly used periodic flow assumption (for modelling rows
of similar electronic components) may not always be valid over a significant system extent. For the bend flow, heat transfer
enhancements due to passive and active control are considered. For the former, a thin tripping fin is attached at several inlet channel
locations. If the fin is sufficiently high and far from the sharp bend edge, the flow becomes unsteady. Then, large-scale vortices
emanating from the sharp edge cause a reduction in re-attachment length and a dramatic heat transfer enhancement. Active flow
control is also studied for several inlet amplitudes and forcing frequencies. Like the passive fin, this active approach is effective at

increasing heat transfer.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

With increasing power densities, the reliable compu-
tation of fluid flow and heat transfer in electronic sys-
tems is becoming ever more important (Kordyban, 1998;
Chung et al., 2002). For electronic systems the Reynolds
number (Re) range is typically 100 < Re < 5000. Also,
the geometry is generally complex with many corners,
recesses, and regions where flows are sharply turned.
Reynolds numbers can vary significantly in different
regions of a single system. All of the above make the
potential for the excitement of an oscillatory flow rela-
tively high (Tucker, 2001). An extensive review of the
application of computational fluid dynamics (CFD) to
electronics is given by Tucker (1997). This shows that
generally low accuracy numerical schemes are used and
solutions assumed steady.
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The exception to the above is the pioneering work of
Ghaddar et al. (1986a) who study idealised two-dimen-
sional isothermal cyclic flow in channels with integrated
circuit (IC) like protrusions. The geometry considered is
shown in Fig. 1(b). For Reynolds numbers less than a
critical value Re. the flow is found to be steady. Then,
there is little transport of fluid between the main
through flow and the groove area formed between the
IC components. The flow undergoes a supercritical
regular Hopf bifurcation at Re = Re.. For Re > Re,
cyclic flow oscillations which increase fluid transport to
and from the groove are observed. Amon and Patera
(1989) find that the secondary instability in the grooved
channel flow is of narrow-band nature and very different
from that in the plane channel flow.

Ghaddar et al. (1986b) and Patera and Mikic (1986)
use two-dimensional non-isothermal predictions to
illustrate the potential for naturally enhancing heat
transfer using the unsteadiness observed by Ghaddar
et al. (1986a). Amon and Mikic (1990) and Amon (1992)
extend the above work, comparing heat transfer
enhancement for flows where oscillations are induced


mail to: y.m.chung@warwick.ac.uk

Y.M. Chung, P.G. Tucker | Int. J. Heat and Fluid Flow 25 (2004) 22-31 23

(@ | L 1
h
—— + H

y h

Inflow: T-S wave Outflow Condition

(b) L |
h
1. - W
DR
() L

A Surface B
Nu,, Surface A |
!
) I in

f x; {

e—

~

Fig. 1. Problem definition and computational domain: (a) plane
channel, (b) grooved channel and (c) sharp bend flow.

passively by tripping, actively by flow modulation and
naturally when Re > Re.. Overall, when pumping losses
are taken into consideration, passive heat transfer
enhancement is found to be most effective. The above
work uses a spectral element method (see Patera, 1984;
Amon, 1993). The accuracy of this is initially demon-
strated in Ghaddar et al. (1986a)’s grooved channel
work by considering spatial development of a Tollmien—
Schlichting (T-S) instability wave in plane channel flow
(see Fig. 1(a)). This flow is linearly stable up to
Re. = 5772 (Orszag, 1971) (based on the half-channel
height and the centre-line velocity). For Re < Re.,
instability shows a downstream decay.

Importantly, all of the above grooved channel work
assumes periodic flow. However, the question still re-
mains unanswered as to how realistic this assumption is
in a practical electronics design context (i.e., over what
percentage of a circuit board is the periodic flow
assumption valid). Exploring this is an objective of the
present work.

Chung et al. (2003) study the low Reynolds flow
round a sharp 180° bend (see Fig. 1(c)). This is a pro-
totype for flow sharply turned around circuit boards and
is also found in the electronics cooling paper of Chung
et al. (2001). Chung et al. (2003) show that for Re > 600
the flow becomes unsteady. Then, as in the grooved
channel (1986a) dramatic increases in heat transfer are
found. Following the path of Ghaddar et al. (1986a)
here, this sharp bend flow work is extended by consid-
ering the use of active (by flow rate modulation) and
passive (by a thin fin) flow control.

Such an exploration potentially requires a large
volume of high fidelity (the flow physics is numeri-

cally challenging) numerical simulations. These need
to consider, for example, different forcing frequencies,
amplitudes and fin geometries in combination with dif-
ferent Reynolds numbers. Hence, efficient numerical
approaches are required. Therefore, as part of this work
initially the numerical performances of four pressure
correction, eight convective and four temporal schemes
are studied. To do this the spatial development of a T-S
wave in plane channel flow is modelled. As noted earlier,
this case is also considered by Ghaddar et al. (1986a).
Since most practical electronic geometries are highly
complex, numerical approaches that will most readily
extend to such geometries are favoured. Although the
present work is heavily motivated by electronics it also
has strong relevance to other lower Reynolds number
ventilation cases.

2. Problem formulations

As noted in Section 1, the geometries considered are:
() a plane channel supporting a small amplitude insta-
bility wave; (II) a grooved channel with shear layer
instability and (III) a sharp 180° bend with mostly a
single thin fin. Case (I) is intended to help study effi-
ciencies of various numerical schemes. Case (II) explores
the validity of the periodic flow assumption commonly
used in grooved channels. Case (III) is a prototype for
flow sharply turned around circuit boards.

2.1. Case (I): Channel flow with T-S wave

For Case (I), shown in Fig. 1(a), plane Poiseuille flow
having an exact analytic solution is considered (Chung
et al., 1997). The temporal and spatial accuracy of
various numerical schemes is verified by simulating the
spatial development of an instability wave in Fig. 1(a)
laminar channel flow. For theoretical investigations of
travelling T-S wave instabilities, the plane Poiseuille
flow can be regarded as a prototype case. This is because
unlike the Blasius boundary layer flow, the base flow is
strictly parallel and has an exact solution of the Navier—
Stokes equations (Kleiser and Zang, 1991).

A T-S wave is obtained from eigensolution of the
Orr—Sommerfeld equation. After Navier—Stokes equa-
tion linearisation and assuming a wave-like solution, the
resulting Orr—Sommerfeld equation can be written as:

d? d?
(W on/) 3= #) = 3

T A

Here, U is a base flow of the form Uy(y) = y(2h — y).
Also, o is the complex wave number o« = ag + iy and wg
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the real frequency. The variables ar and wg are related
by the expression, ¢ = wg/ar. After obtaining v from
Eq. (1), & can be easily calculated via the continuity
equation, & = id/a.

The Reynolds number is defined as Re = U.h/v,
where U, is the centre-line velocity, 4 the half-channel
height and v the kinematic viscosity. Here Re = 5000
and the streamwise length of the computational do-
main is 50A—approximately 10 times the T-S wave
length.

2.2. Case (II): Grooved channel flow

For Fig. 1(b) grooved channel, Re = 500 (the Re
definition is as for Case (I)). Also, for the groove
forming blocks a/h =1 and b/h = 2. The groove gap is
g/h = 8. The first block is located at x = 10 (i.e., the
upstream side of the block is located at x = 10 and the
downstream at x = 12).

2.3. Case (III): Sharp 180° bend flow

For Fig. 1(c) bend flow, the channel height is # and
the plate thickness d. In order to investigate the down-
stream flow recovery after the bend, the computational
domain is long, L = 20A. Also, d/h = 0.1 is chosen as
representative of a typical electronics system value. The
Reynolds number is defined as Re = Uph/v, where Uy, is
the bulk-mean velocity.

A thin highly-conductive fin can be located at five
different axial positions (x;) on the upper wall of the inlet
channel. To investigate the effect of the fin length ¢,
solutions with A¢ = 0.2h, 0.34 and 0.4h are made.

3. Numerical methods
3.1. Governing equations

We consider two-dimensional unsteady laminar
flows. The unsteady Navier—Stokes and continuity

equations can be written in the following non-dimen-
sional incompressible flow form:

6ui

ow; 0 op *u;
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o o pC,

In the above, u; is the instantaneous velocity in the x;
direction, p is the pressure, and 7 temperature. Here p is
the fluid density, k£ thermal conductivity and C, the
specific heat capacity.

The governing equations are solved using a staggered
grid finite volume method as implemented in the NEAT
code (Tucker, 2001). Several, spatial discretisation, time-
advancement and pressure correction algorithms are
available in NEAT. Here the following spatial differ-
encing schemes are tested (see Appendix A): first-order
upwind; second-order upwind; third-order upwind
(QUICK (Leonard, 1979)); second-order central differ-
encing, Leith’s scheme (see Leonard, 1979), Fromm
(1970)’s model and CONDIF (Runchal, 1987). CON-
DIF is a stabilised second-order central differencing
scheme. For temporal differencing the following are
tested: first-order implicit backwards Euler; first-order
forwards Euler, ADI and Crank—Nicholson. To gain a
pressure field consistent with mass conservation the
following are tested: SIMPLE (Patankar and Spalding,
1972), SIMPLEC (Van Doormaal and Raithby, 1984)
(as formulated in Tucker, 2001), AVPI (Jones and
Marquis, 1985), PISO (Issa, 1985) and a fractional step
method (Choi and Moin, 1994). Full details of the above
can be found in Tucker (2001) and Chung et al. (2003).

3.2. Boundary conditions

For all cases, parabolic inlet velocity profiles are used.
For Case (I), a two-dimensional TS wave is superim-
posed on a laminar parabolic profile:

w(x = 0,y,1) = ATS‘J{[ai(y)e’i‘“R’] . (5)

Ars 18 the amplitude of the inflow perturbations
(Ars < 1) and #;(y) is the complex velocity vector. This
is calculated from the spatial eigenfunctions of the Orr—
Sommerfeld equation corresponding to the real fre-
quency wgr. R represents the real part of a complex
number. The amplitude of inflow disturbance Arg =
1073 is defined as the root-mean-square (rms) magnitude
of the T-S wave u component. The parabolic velocity
profile for a plane channel is also used to set the initial
flow condition. More details of the implementation of
the inflow boundary condition can be found in Chung
et al. (1997).

At outflow boundaries, to suppress wave reflections
the following convective boundary condition (Pauley
et al., 1990) is applied

6ui Gui

-+ U nv A — 07 6
ot O dx 6)
where U, = U, characterises the convective exit

velocity. At solid walls, the no-slip and impermeability
conditions are applied.

Cases (I) and (II) are isothermal. For Case (III), the
temperature of the incoming flow is constant at 7;. The
temperature of the wall, located at y=~h+d, after
the bend (Surface A) is Ty. For relevance to heat
transfer from circuit boards 7y, > T; and the upper wall
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(Surface B), located at y = H, is adiabatic. The tem-
perature at the remaining walls is constant at 7;.

3.3. Numerical parameters

For all cases, wall-normal hyperbolic-tangent func-
tion grid stretching is implemented. For cases (I)—(III),
to give grid independent solutions, the (x x y) grid node
numbers are 512x 129, 1046 x 65 and 569 x 143, respec-
tively. For time step (Af) independent solutions, the
following are used: Az = 0.05, 0.05 and 0.01 for cases
(D—(ITT), respectively.

4. Results and discussion
4.1. Channel flow with T-S wave

A standard case is chosen carefully from Chung et al.
(1997). Initially in both the convective and diffusive
terms, the Crank—Nicholson and second-order central
difference (CD2) schemes are used.

Fig. 2 gives T-S waves disturbance streamfunction
contours. Broken lines represent negative values of the
streamfunction. To describe the accuracy of various
schemes quantitatively, it is useful to measure the spatial
growth of disturbances. Several different criteria for
measuring the disturbance amplitude have been devised
in the literature. Among them, the following disturbance
kinetic energy E(x) has been adopted here:

gy - —

B = [ [ + )] @ )
0

Here, U represents time averaging. The analytic dis-

turbance kinetic energy decays as e ™’ with a rate

o = 0.0106 and a wave number og = 1.1557 (Orszag,

1971). The predicted o; is 0.0109.

4.1.1. Discretisation schemes

Now, the effects of discretisation schemes on the wave
number ar and the decay rate constant o are explored.
Schemes with dispersion error will affect ag. Those with
false diffusion affect the decay rate constant oy. Fig. 3
shows the choice of spatial differencing scheme has a
strong influence on the solution. The decay in the first-
order upwind (UP) and hybrid (HYB) schemes is unac-

Fig. 2. Plot of x—y plane disturbance streamfunction.
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Fig. 3. Comparison of various discretisation schemes.

ceptable. Among others, the second-order central dif-
ference (CD2) scheme performs well. Compared to the
other schemes tested the errors both in the wave number
or and the decay rate constant oy are insignificant.

These errors and the efficiency of each scheme are
compared with analytic solution in Table 1. QUICK,
second-order upwind (UP2) and Fromm’s scheme have
virtually identical efficiencies to CD2. Lower-order
scheme accuracies (UP and HYB) are poor for the decay
rate constant oy. However, the wave number or errors
are reasonable (<2.5%). When schemes with a sub-
stantial decay rate o error are used to simulate complex
flows, the strength of flow structures is substantially
underestimated. In a complex flow, with more than one
dominant frequency, the flow structure strength may
change the flow’s frequency characteristics.

CONDIF has a small error in the wave number og,
but the decay rate constant o error is 60%. A key
CONDIF feature found here is relatively poor conver-
gence and hence the need for about five times more
computing time. However, at higher Reynolds numbers
with practical grids, CD2 can become virtually impos-
sible to converge. CONDIF then becomes more attrac-
tive. Although QUICK and UP2 here show similar
performances to CD2, for more complex flows their
relatively low order upwind natures can contaminate
turbulence energy spectra (Kravchenko and Moin,
2000). Therefore, a conclusion here is that for lower Re
flows the more computationally economical, easier to

Table 1
Discretisation scheme errors compared to the analytic solution and
efficiencies compared to the CD2 scheme

Scheme E(aR) E(o) A(Iteration)
CD2 -0.25 2.8 1.00
QUICK -0.26 2.7 1.07
Up2 -0.32 2.6 1.12
CONDIF -1.3 65 5.54
HYB 22 440 0.93
UP 22 460 0.94

Here, E(¢) = (¢ - ¢exact)/¢exam x 100 and A(¢) = l;b/(bCDZ A
513%129 grid is used.
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implement CD2 scheme is preferable and so is used for
the main simulations.

4.1.2. Time-advancement methods

Use of the potentially faster explicit in time (and
hence requiring estimated streaming terms) forms of
CD2 and QUICK was explored. However, the explicit
solutions are found too unstable. As expected, the more
dissipative first-order implicit Euler method amplitude
has about a 40% lower o than that for the Crank—
Nicholson, ADI and analytic results. Computational
time savings arising from improved first-order scheme
stability are insufficient to compensate for the accuracy
loss. For the present two-dimensional case, ADI, which
gives virtually identical results to Crank—Nicholson, just
requires a line solver and so is most efficient. However,
partly since we hope to extend in the future Case (III)
simulations to 3D, for the main simulations Crank—
Nicholson is used.

4.1.3. Pressure algorithms

For pressure related algorithms, efficiency is the key
comparison point. Simulations are performed over one
T-S period when ¢ > 200. Surprisingly, results show that
for a broad range of convergence levels, efficiencies for
all schemes are similar to within 10%. The fractional
step method of Choi and Moin (1994) is also considered.
The saving for this is certainly no more than 10%.
Therefore, the lower storage AVPI scheme seems a
sensible choice.

4.2. Grooved channel flow

Fig. 4(a) gives grooved channel instantaneous
streamline contours. After the first block, the flow be-
comes unsteady. This increases with x and eventually,
the unsteadiness fluctuations become the same order of
magnitude as U,. Fig. 4(b) highlights through Cy the
downstream flow development. Note, for a fully devel-
oped plane channel flow C¢y = 2. The strong C; singu-
larities at x = 10, 20, 30, 40, 50, 60 and 70 are caused by
the sharp groove edges. For x <30 the Cr profile
changes substantially with x. The negative C; peak has a
fully developed value around the fifth groove. Fig. 4(c)
plots fluctuating kinetic energy (k) against x. The mea-
suring points are 34 downstream of each block and at
y/h = 1. Consistent with the C evidence, after the fifth
block, k reaches a quasi-fully developed value. After this
x > 50 region, flow periodicity (Yang and Ferziger,
1993) could be assumed.

4.3. Sharp bend flow
4.3.1. Flow and heat transfer without fins (hy = 0)

Laminar flow and heat transfer simulations for a
sharp bend flow without fins (i.e., a fin length 4; = 0) are

0= FIN RN TN [N T T T Y N W TN T W 0 N NN TG N W S T A S W
0 10 20 30 40 50 60 70 80
(c) X

Fig. 4. Grooved channel flow: (a) streamlines, (b) Cr distributions and
(c) rms of velocity fluctuations & at the recirculation zone.

performed in Chung et al. (2003). For Re > 600 the flow
is found to become oscillatory. This is clear from Fig. 5,
showing the velocity time history at the measuring point
(x =20, y = 1.6) for Re =500 and 700. For Re = 500
(Fig. 5(a)), by ¢ > 60 the flow is quasi-steady. However,
with increasing Re, significant oscillations are sustained.
The dominant low frequency component corresponds to
vortex shedding from the sharp corner.

Fig. 6 shows the re-attachment length x; and Nuyy. as
a function of Re. The parameter x; is the distance from
the edge of the bend (x = 1.0) to where the time-mean
velocity gradient (dU/dy) at Surface A is zero. To
emphasise the effect of flow unsteadiness in the recir-
culation region, Nu is averaged over the Re = 300 re-
circulation region extent (1 <x < 5). It can be seen that,
for steady flow (Re < 600) x; increases with Re, and Nu
stays relatively constant. Conversely, for unsteady flow
(Re > 600) x; is substantially reduced and Nu increases
dramatically. For further thermofluid details of this
hy = 0 case, see Chung et al. (2003).
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4.3.2. Flow with a thin fin

For cases with a fin, Re = 500. Initial conditions are
those for Fig. 5(a) at r = 300. Fig. 7, like Fig. 5, gives
velocity time histories at the measuring point. Fig. 7(a)
shows that with a s = 0.3 fin near the bend edge
(xf = 2.0), the flow is quasi-steady. However, Fig. 7(b)
suggests for xf = 3.0 and /s = 0.3 the flow becomes
oscillatory. Fig. 7(b) traces indicate quasi-periodicity
and look similar to those for Re = 700 and #; = 0 shown
in Fig. 7(c).

Fig. 8 shows instantaneous streamlines for two dif-
ferent Reynolds numbers, fin positions and heights. Fig.
8(a) and (b) shows that for Re = 500 with A = 0 and
hy = 0.3 but xf < 5 the flow is steady. However, as can
be seen from Fig. 8(c), for x; > 5.0, large-scale vortices
emanate from the sharp corner. These convect down-
stream with a velocity of about 60% of Uy,. It is clear,

1 1
300 325 3;0 375 400

u, v
(=]

3 L 1
300 325 350 375 400
(b) t

3 . . )
300 325 350 375 400
(c) t

Fig. 7. Instantaneous u (dotted lines) and v (solid lines) velocities at the
measurement point (x = 15, y = 1.6) for Re = 500 with A = 0.3: (a)
xr = 2.0, (b) xf = 5.0 and (c) Re = 700, uncontrolled.

when also studying Fig. 7(c), that the large-scale vortex
shedding dominates the flow field. The amplitude of the
flow oscillations decays slowly with downstream loca-
tion. Comparison of Fig. 8(c) and (d) shows the pas-
sively controlled Re = 500 flow can be made similar to
that for Re = 700.

It is evident that thin fin passive flow control signifi-
cantly affects the mean flow field. Fig. 9 repeats Fig. 8
but this time giving time-mean velocity vectors more
focused on the bend region. Fig. 9(b) flow is similar to
that in Fig. 9(a) for 4 = 0. With a fin positioned at
xr = 2.0, the recirculation region flow is separated from
the high velocity fluid external to it. Hence, there is
minimal mixing between the two regions. With xy = 5.0
and hence unsteadiness, the recirculation region size
reduces dramatically from x, =548 (Fig. 9(a)) to
x; = 2.18 as shown in Fig. 9(c). With x; = 5.0, there is
strong mixing inside the recirculation zone and the
maximum reverse velocity is of the same order as Uy,.
This is consistent with Cy data presented later. For
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x¢ > 5.0, the overall flow features do not change much
looking similar to Fig. 9(d) Re = 700 flow.

To investigate the effect of a fin on the onset of flow
unsteadiness, the velocity fluctuations u;,s and vy are
analysed for x; =5.0 and &y = 0.3. Fig. 10(a) gives
contours of vyys. Velocity fluctuation profiles at y = 0.7
are shown in Fig. 10(b). Note that the horizontal axis is
the distance away from the fin, x; — x. It is clear from the
figure that, as the flow passes the fin, the velocity fluc-
tuations grow exponentially up to about 1% of the mean
velocity at x = 3.0. Then, the fluctuations remain rela-
tively constant until the flow reaches the bend edge
(x = 1.0). With a fin located closer to the bend edge
(xf <3.0), ums and vy do not significantly grow.
Without a fin, the velocity fluctuations are orders
of magnitude smaller and the flow remains steady (see
Fig. 8).

Fig. 11 shows the Cr distributions at Surface A. It can
be seen from the dashed and dotted lines that with a fin
located close to the edge (x; <3.0) x; does not signifi-
cantly change. The dot-dashed line shows an abrupt
change occurs for x; > 5.0. The Cy distribution is then
similar to that for Re = 700 (thick full line).

4.3.3. Heat transfer with a fin

Fig. 12 shows A = 0.3 time-mean Nusselt number
(Nu = %%’ where AT =T, — T;) distributions along
Surface A. Initially, Nu increases with x. Then, due to
boundary layer development, it decreases. Analysis
shows the maximum Nusselt number (Nup,x) occurs just
downstream of the time-mean re-attachment points
(Chung et al., 2003). Without a fin (Re = 500, thin full
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Fig. 11. Cy distributions along Surface A with 4z = 0.3.

line), Nupax 1s nearly an order of magnitude larger than
Nu in the recirculation zone. With a fin at x; < 3.0, Nu
does not change much from the uncontrolled 4 =0
case. However, it is clear from the figure that, as the flow
becomes oscillatory (x¢ = 5.0), the Nu distribution shows
similar trends to that for Re = 700 (thick full line). Nu is
increased substantially and the Nup,x location suddenly
moves upstream. Also, the x < 5 region where Nu is
small (Mu < 1) almost disappears. These findings are
consistent with Fig. 11 C¢ distributions.

To investigate the effect of the fin length, x; and Nu,y.
are plotted against x¢ in Fig. 13 for three fin lengths (see
also Figs. 11 and 12). The data at x; = 0 represents the
cases without a fin. Fig. 13(a) and (b) gives x; and Nuyye,
respectively. As can be seen, a short fin (4 = 0.2) has

10

Nu

Fig. 12. Nu distributions along surface A with 4z = 0.3.
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Fig. 13. x, and Nu as a function of x;.

little x; and Nuy,,. influence. However, for sufficiently
large Ar and x¢, the consequences of unsteadiness are
clear. The fin position (x;) for the onset of unsteadiness
decreases with A;. For controlled cases, the reduction in
x; and Nu increase are clear.

To investigate the effect of flow unsteadiness on con-
vective heat transfer, instantaneous data are analysed.
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Fig. 14. Surface A space-time plots: (a) C¢ and (b) Nu.

Fig. 14 gives space-time Surface A plots of Cy and Nu
for xy = 5.0 and A; = 0.3. Oscillations (also evident in
temperatures) due to the constant speed downstream
propagation of large-scale vortices are evident. The
oscillatory part of Cy and Nu is significant compared to
the mean values. Also, the instantaneous Nu distribution
correlates well with wall shear stress (Chung and Luo,
2002; Chung et al., 2002).

4.3.4. Effect of flow rate modulation

Simulations are again performed at the subcritical
Re = 500, with sinusoidal inlet flow oscillations. First,
the effect of the modulation amplitude (4) is considered.
Fig. 15 plots x; and Nu,, against 4. The forcing fre-
quency f = 0.5. This corresponds to the Re = 700 nat-
ural frequency determined from instantaneous velocity
data by Chung et al. (2003). Clearly the bend flow is

10 45

0 0.05 0.1
A

Fig. 15. x; and Nu variations against amplitudes 4 with /' = 0.5.

sensitive to inlet flow oscillation. With just a 1.0% flow
modulation, oscillatory flow and hence dramatic x, de-
creases with Nu increases are gained. Above this oscil-
latory flow value, C; and Nu distributions become
insensitive to further increases in 4.

The harmonic forcing frequencies of /' = 1.0 and 2.0
are also considered. For large amplitudes (4 > 0.02), the
flow is found unsteady for both frequencies. This
unsteadiness again gives an x, decrease and a significant
Nu increase. Results suggest flow modulation is effective
at increasing low Reynolds number heat transfer, espe-
cially when the pumping power is limited.

5. Conclusions

The accuracies of various numerical methods for
unsteady low Re flow calculations are studied. Eight
convective term spatial discretisation, four pressure
prediction and four temporal schemes are considered. It
is found that, relative to steady flow computations, the
overall effects of pressure algorithms on efficiency are
not that great. Therefore, here, the lower storage AVPI
scheme was perhaps the most attractive. Results show
lower-order schemes have a strong influence on both
global flow structures and unsteadiness amplitudes. The
numerically simple space and time centred, central dif-
ference and Crank—Nicholson schemes are shown to
perform well. Indeed for the Reynolds numbers con-
sidered the central difference scheme has better overall
efficiency than its stabilised CONDIF counterpart.

Unsteady laminar grooved channel flow predictions
for Re = 500 show the flow becomes periodic by around

Flow direction

—_—
WW W, W E
® —& ® ®

dx

Fig. 16. Interpolation of flow variables to the ‘w’ face of a control
volume.

Table 2

Weighting function values
Scheme W W, W, HOT
UP 0 1 0 ?p/ox?
UP2 =12 32 0 3 p/ox?
CD2 0 12 12 Bp/ox?
QUICK -1/8 6/8 3/8 % /ox*
HYB (uAx/v>2) 0 1 0 Fp/ox?
HYB (uAx/v<2) 0 12 12 3 p/ox’

Here, HOT means higher-order terms in the discretisation.
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the fifth rib. Hence, when modelling IC rows on circuit
boards the popular periodic flow assumption might not
always be valid for a significant region.

Simulations of unsteady laminar flow around a sharp
180° bend with a thin fin of various heights, A; and
distances, x; from the bend edge are performed. For
sufficiently large x; and A; oscillatory flow is found.
Oscillations cause a substantial reduction in the re-
attachment length and a dramatic heat transfer increase.
For a successful control case, the re-attachment length is
reduced by more than half and the Nusselt number in-
creases by over a factor of five. Active flow control,
using flow rate modulation is also studied for several
amplitudes and three forcing frequencies. Flow modu-
lation, like thin fin tripping, appears to be effective at
increasing electronics system related heat transfer,
especially when the pumping power is limited.
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Appendix A

In discretising convective terms, grid point values are
interpolated to control volume face. For example, for a
west ‘W’ control volume face, as shown in Fig. 16, (with
a positive velocity component) the following interpola-
tion expression can be used

d)w = VVfWW(erW + VVde)W + MP¢P' (Al)

The uniform grid weighting function values for the
various convective schemes used here are given in Table
2.
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