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Abstract

The present study examines the effect of acceleration on flow field. Both experimental and numerical methods have been em-
ployed to study the problem. Fluid enters through the peripheral gap between two concentric disks and converges to the center
where it discharges axially through a hole in one of the disks. The mean flow governing equations have been solved in the numerical
study. A low Reynolds number k—¢ model has been used to model the Reynolds stresses. The experimental study involves the
measurement of velocity field and turbulence intensity with laser Doppler anemometery. Both the studies show the change in flow
regime from turbulent to laminar. The numerical study reveals that the acceleration parameter is not the only factor governing
turbulent-laminar transition in this flow, the gap ratio also plays a significant role. © 1999 Elsevier Science Inc. All rights reserved.
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Notation Superscript

d diameter of the disks l fluctuating components

i friction factor .
fG gap ratio, hlr, Subscript . ) ) )

h half spacing between the disks 1,2 quantities at inlet and exit, respectively

k turbulence kinetic energy

k kil U .

K, acceleration parameter 1. Introduction
P static pressure L . .
p pl(pU3) The flow between two disks is a topic of much interest. The
0 flow rate problem has attracted the attention of mathematicians and
r radial coordinate engineers alike. The problem allows the similarity solution
7 rlrs with a potential of ml.llt.iplicity of the solution, a matter of
Re 4Uhlv, local Reynolds number great interest to theoret;mang. The 1n'wa1@d flow resembles flows
u radial velocity that occur in many engineering applications such as face seals,
i ulU exit of a geothermal reservoir and disk type heat exchangers.
Uy [v {Ouldz}._o]'/2 Hence, it is equally important for engineers. .

u" ulu, The inward la.nnnalj flow betwe;:n two disks has been
U Ol(4rhr) studled.by many investigators. McGlnp (1956) developed an
U, free stream velocity expression for pressure distribution using the argument that
W axial velocity the pressure variation is partly due to the inertial contribution
z axial coordinate and partly due to viscous dissipation. An experimental study
z 2Ih on the unsteady air flow between two disks was carried out by
zt u,zlv Garcia (Garcia, 1969-1970). The measurements of velocity
e dissipation rate fluctuations using a constant temperature hot wire anemome-
v kinematic viscosity ter revealed that the amplitudes of oscillations were higher
Ve turbulence viscosity than the relevant value of turbulence fluctuations. Hence, the
p density author concluded that the flow was inherently unstable.

* Corresponding author.
! Late Professor.

Murphy et al. (1978) studied the problem numerically. They
found three regions; a region of strong viscous effects, a region
of equal viscous and inertial effects and a region of strong
inertial effects. The boundary layer was that of internal flow
type in the first two regions, whereas it was an external flow
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type in the third region. Using various definitions of acceler-
ation parameters, they predicted different criteria of lower
critical Reynold’s numbers. An experimental study was carried
out by Murphy et al. (1983) for laminar converging flow. The
flow visualization and pressure distribution indicated that the
change of flow regime might take place at a Reynolds number
of 20,700. Lee and Lin (1985) derived an expression for radial
pressure distribution. The closed form solutions for the pre-
diction of radial pressure were derived by Vatistas
(1988, 1990). The predictions of these closed form solutions
were found to be in close agreement with experimental data.

The inward flow between two stationary disks is an accel-
erated flow. It has been found that the initially turbulent flow
becomes laminar if subjected to an acceleration. This phe-
nomenon has been discovered by measurements in accelerating
flows by many investigators (Launder, 1964; Moretti and
Kays, 1965). The change from turbulent to laminar flow has
been reported by many investigators (Moller, 1963; Kreith,
1965; Tabatabai and Pollard, 1987; Ervin et al., 1989) for
outward flow between two disks, a decelerating flow, even
though the natures of accelerating and decelerating flows are
opposite to each other. The phenomenon of change of the flow
regime from turbulent to laminar is termed as “laminarizat-
ion”, ‘“‘reverse transition”, ‘inverse transition” or ‘re-
laminarization”. However, this terminology is quite confusing,
as it does not indicate whether the flow is accelerating or de-
celerating. Fernholz (1976) attempted to make some distinc-
tion between these two flows. According to him if the flow is
initially turbulent and becomes laminar in a decelerated flow, it
is termed relaminarization, and if it becomes laminar in an
accelerated flow then it is called reverse transition.

Several acceleration parameters have been defined by var-
ious authors (Moretti and Kays, 1965, Patel and Head, 1968,
Jones and Launder, 1972) to provide an indication of when an
accelerated turbulent boundary layer flow would undergo a
reverse transition process. The acceleration parameter defined
by Moretti and Kays (1965) has been used to correlate the
present problem. The acceleration parameter is expressed as
follows:

v dU,
K= g 1)
where U, is the free stream velocity which is approximated by
the average velocity in the present case. Eq. (1) can be written
as follows:

4G
L= 2
Relz ( )

A turbulent flow would revert to laminar when K, > 3.5 X
10-¢ (Moretti and Kays, 1965).

The purpose of the present work is to study the velocity,
turbulence intensity and pressure distributions for turbulent
flow between two disks using both the experimental and the
numerical techniques. The present work also examines the ef-
fect of acceleration on flow field.

2. Numerical model
2.1. Mean flow governing equations

The geometry and coordinate system used is shown in
Fig. 1. The z and r origin is taken at the centre of the disk. The
outer radius of the disk is assumed to be larger than the
spacing between the disks. The elliptic flow regions at inlet and
exit are assumed to be small and can be neglected. Therefore,
the thin shear layer (Launder and Sharma, 1974) approxima-
tion is valid. The flow is steady, incompressible, viscous and
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Fig. 1. Geometry and coordinate system.

axisymmetric. The approximate governing equations are as
follows:
Continuity equation
1 0(ru)  ow
Z — =0. 3
r or + 0z (3)
r-Momentum equation

Ou ou  ldp Qu 0(uw)

Y TVET par @ & @
where

- Qu

—uW = v (5)

2.2. Turbulence model

The two equation (k—¢) turbulence model has been used to
express v;. According to this model the eddy viscosity can be
expressed in terms of turbulence kinetic energy, k, and its
dissipation rate, ¢, as follows:

k2
W= (6)
k and ¢ are calculated from transport equations. These equa-
tions, under the thin shear layer approximation (Launder and
Sharma, 1974), are as follows:
Turbulence kinetic energy

Ok ok

__du 0 v\ Ok ok1/2\
) . ) e
= —uw 6Z+az {(v—l—o_k) az:| & ZV( % ) . (7)

Dissipation rate

o, o
or W@z
2

e i A (R 1LY R AP i
TR T Y o, ) Oz 2 jat o2 )’
(8)

where the constants ay, a., ¢; are 1.0, 1.3, 1.44, respectively, for
this type of flow. The parameters ¢, and ¢, are functions of
turbulence Reynolds number, defined as Re; = k*/ve (Launder
and Sharma, 1974):

u

¢y = 0.09 exp(—3.4/(1 + Re,/50)%). 9)
e =1.92(1.0 — 0.3 exp(—Re?)). (10)
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The corresponding boundary conditions are

u=w=k=¢=0 atz=0,

du O _0e_ oo (11)
— = = = = z=h.

2 T % oz

The pressure is estimated using the following integral conti-
nuity equation:

2h

27rr/u dz=-0. (12)

0
2.3. Solution method

The coupled system of equations described by Eqs. (3)-(12)
is a system of parabolic, partial non-linear differential equa-
tions and allows for a marching solution procedure. The
control volume approach due to Patankar (1980) is utilized to
discretise the governing equations. The calculation domain is
divided into a number of non-overlapping control volumes
surrounding each grid point. The differential equations are
integrated over each control volume. On the basis of average
value of the variables over a control volume, the finite differ-
ence forms of these equations are found. These equations are
solved by the Gauss—Seidel (Blum, 1972) method. The solution
is iterated till the residue to Egs. (4), (7) and (8) is minimized
below 107>, and the residue of Eq. (12) is minimized below
1073. The variables are under relaxed to get faster convergence.
The relaxation parameter for radial velocity, turbulence kinetic
energy and dissipation rate was 0.5. A relaxation factor of 0.9
was used for computation of pressure.

One of the most important aspects of k—¢ models, is the
specification of the turbulence intensities at the inlet. Turbu-
lence intensities at the inlet were found to affect the entire flow
field strongly. Therefore any arbitrary value at the inlet will
result in misleading information. Hence a logical method de-
veloped by Shirazi and Truman (1988) for outward flow be-
tween two corotating disks, is utilized for the present model.
The method is based on the philosophy that the inlet condi-
tions must at least satisfy the approximate governing equations
of turbulence kinetic energy and dissipation rate. Since the inlet
conditions are approximate the finer grids were used in the inlet
region to avoid numerical oscillations. The transport equations
of k and ¢ are very stiff in the near wall region. At least eight to
ten grids must be accommodated in the viscous sublayer re-
gion. For this purpose the variable grid spacing of Cebeci et al.
(1970) is employed in z-direction as well as in r-direction. The
grid dependency of the solution is tested by successively re-
fining the mesh. The solution is treated as grid independent
when further refinements of a mesh does not change the

l___sso 30(}—-14_ 1.00-—’-509-*-—450—-1
w =
BLOWERS 1

N

BY PASS

THERMOMETER

ORIFICE
METER

o

(=] -——

[ae]

lSET TLING l
TANK

MANOMETER LJTJ._

1 FLOW*

0.98(2590)

u(m/s)

-1n | | 1 1 | 1 ]
0 ‘2 4 6 8 10 12 14

z (mm)

Fig. 3. Radial velocity distribution at different radial locations (ex-
perimental). d>/d; =6, G=0.05, Re;, =2538.

pressure by more than 103, Typically, 80 grids in z-direction is
sufficient. The increment in grid spacing was 5-12% to allow
finer mesh near the wall. The grid spacing in the radial direc-
tion was 1073 near the inlet and was 10~ away from the inlet.
3. Experiment

3.1. Experimental set-up

A schematic diagram of the experimental set-up is shown in
Fig. 2. The experimental set-up was specially designed to study
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Fig. 2. Schematic of experimental set-up.
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this problem and consisted of two parallel disks of diameter
302.4 mm. The disks’ edges were rounded according to the
recommendations of Beavers et al. (1970) to induce separation
free entry of air at the peripheral gap of the disks. One disk
with a concentric hole was connected to a suction blower.
Another disk was mounted on a threaded spindle, which could
move to and for in a sleeve to enable one to change the gap
between the disks. The air flow was measured by a calibrated
orifice meter provided in the suction pipe. A settling tank was
provided in the circuit to reduce disturbances.

3.2. Instrumentation

A DANTEC two color beam (green and blue) LDA system
in back scatter mode using an argon ion laser was used for
measurement of the velocity and velocity and turbulence in-
tensity. The optical probe was mounted on a traverse mecha-
nism, which allowed the movement of the probe in three
perpendicular directions. A blast type seed generator using di-
octyl phthalate was used to generate seed particles. Seeds were
introduced in the air away from the inlet so that they could
attain the velocity of the air prior to reaching the peripheral
gap between the disks. The probe was adjusted in such a way
that the laser beams intersected at the point where the mea-
surement has to be taken. The plane of the beams is kept
parallel to the disk surface and the axis of the probe lens was
perpendicular to the direction of the flow. The seed particles
passing through the interference fringes scattered light which
was then received by the probe. The optical signals were sent to
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Fig. 4. Radial velocity distribution at different radial locations (ex-
perimental). d>/d, =6, G=0.05, Re;, =4409.

a Burst Spectrum Analyzer where the optical signals were
converted into velocity components. The measurements were
taken in the z-direction at various radial locations by changing
the probe positions. Pressure measurements were carried out
with manometers connected to pressure taps provided at dif-
ferent radial locations.

Uncertainty in the measured quantities was due to the in-
accuracy in experimental set-up and to the limitations of the
measuring instruments. The procedure of Kline and McClin-
tock (1953) was followed for estimation of uncertainty. Un-
certainties in gap, radial position and probe position were
estimated to be 0.5%. Uncertainty in non-dimensional pressure
is 5%. Uncertainty in Reynolds number is 4%. The uncertainty
in velocity and turbulence intensity could not be established
exactly, however, a rough estimate of uncertainty in these
quantities was below 3%.

4. Results and discussions
4.1. Radial velocity profile

Figs. 3 and 4 show the plots of radial velocity versus axial
direction z (where z is measured from the disk having discharge
hole). It is evident from the figures that the average velocity
increases in the direction of flow (magnitude) due to decrease
in the cross sectional area of flow. It may be observed that the
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I L L
0 0-5 1-0 1+5 20
z

Fig. 5. Comparison of radial velocity distribution obtained by theo-
retical model [MLH and k—¢] with experimental data (LDA).
Rep =2538, G=0.0394.
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velocity profile at the inlet shows some entry effect due to the
fluid entering from the infinite medium. However, the velocity
profile is symmetrical about mid plane, i.e., z="/h (where 24 is
the gap between two disks). The velocity profiles at 7=0.8—
0.24 are symmetrical about the mid plane. However the ve-
locity profile at #=0.185 is not symmetrical and shows a
maximum velocity near the disk with the central hole (sink).
The asymmetry is due to the fact that the sink is located only in
one of the disks. The asymmetry is close to the sink hole.

Closed form expressions of radial velocity profile and
pressure distribution for turbulent source flow between two
disks have been derived by Singh et al. (1994). The expressions
are obtained using the mixing length hypothesis (MLH). These
expressions are modified for the present situation and used for
comparison purposes. The radial velocity profile from the
numerical model was compared with both the LDA mea-
surements and the MLH.

It can be seen from Fig. 5 that the numerical predictions are
in good agreement with experimental data. This means that the
numerical model is suitable for studying the present flow. It
can be also observed from the figure that the predictions of the
k—e model are more accurate than that of MLH.

The radial velocities obtained by numerical model were also
compared with the universal logarithmic profile (Tabatabai
and Pollard, 1987). The velocity distribution normalized by
friction velocity in viscous sublayer is

ut =z* (13)
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Fig. 6. Comparison of radial velocity distribution obtained by nu-
merical model [k—¢] with classical viscous sublayer and logarithmic
profiles.

and the logarithmic distribution is

ut =A4log,z" + B. (14)
The values of 4 and B are taken as zero pressure gradient
values (4=5.5 and B=4.45). Fig. 6 shows the velocity ob-
tained from the numerical model along with the values ob-
tained from Egs. (13) and (14), respectively. It is evident from
these figures that the numerical predictions are closer to the
velocity distribution in viscous sublayer. However there is
some discrepancy in the logarithmic distribution region be-
cause the equation represents the constant pressure gradient
flow.

4.2. Turbulence kinetic energy

The distributions of the relative turbulence intensity in the
radial direction, ((¢7)"/?/U) x 100 is plotted in Fig. 7 (Singh,
1993). The curves in this figure show that the turbulence in-
tensity is maximum near the disks and more or less constant in
the core region. This is due to the fact that the maximum
production of the turbulence kinetic energy occurs in the
transition layer (between viscous sublayer and turbulence re-
gion) of a turbulent boundary layer and away from the wall it
decreases. Laufer and Clark’s (Chien, 1982) data for pipe flow
show that the turbulence kinetic energy (hence turbulence
fluctuations) increases with Reynolds number. Unlike pipe
flow, in the present flow situation, the fluctuations are de-
creasing with the increase in Reynolds number. The reason for
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Fig. 7. Relative turbulence intensity distribution at different radial
locations [experimental]. d>/d, =6, G=0.05, Re;, =4409.
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this is the adverse effect of acceleration on the production of
turbulence kinetic energy, which suppresses the turbulence
fluctuations.

The turbulence kinetic energy distribution obtained from
the numerical model for gap ratios of 0.01, 0.02, 0.05
(K, =0.8x107° 1.6 x 10°°, 4 x 107°) is shown in Fig. 8. As
gap ratio decreases the location of maximum Kinetic energy
moves away from the wall and its magnitude decreases. This
behavior indicates a gradual increase in the viscosity domi-
nated region and a decrease in the energy production in the
viscous sublayer. It means the decrease in gap ratio has a
stabilizing effect on the flow. For the same inlet conditions, the
turbulence kinetic energy decay faster at low gap ratio despite
the fact that the acceleration parameter is low for the low gap
ratio. This shows that, in addition to acceleration parameter,
gap ration is also an important parameter for this flow situa-
tion.

4.3. Friction factor

The friction factor, calculated with the help of velocity
gradient at disk surface, has been plotted in Fig. 9 showing the
effect of inlet local Reynolds number. The friction factor in-
creases up to 7= 0.88 but drops further downstream. The
friction factor increases with a decrease in radius for 7 < 0.88.
The curves up to Rep = 103 are of S shape which resemble the
well-known friction factor distribution for pipe flow with a
sudden increase in friction factor in a transition region. The
friction factor increases as Re; increases in flow direction due
to reverse transition. The reverse transition up to inlet local
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Fig. 8. Turbulence kinetic energy distribution [k—¢] for different gap
ratios. Rep, =35 x 10,
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Fig. 9. Friction factor distribution [k—¢] for different inlet local Rey-
nolds number. G =0.04.

Reynolds number 4 x 10* is expected since the acceleration
parameter is higher than 3.5 x 10-°. The reverse transition is
taking place even at a low acceleration parameter, i.e.
1.6 x 107° (Re;, = 10°) in the present flow situation. But at the
very low acceleration parameter of 1.6 x 1077 (Rej, = 10°) the
flow, after undergoing reverse-transition process, reverts to the
turbulence regime showing a nearly constant friction factor
further down stream. The results could not be obtained for an
acceleration parameter lower than 1.6 x 1077 due to conver-
gence problem.

4.4. Pressure distribution

The static pressure distribution is plotted in Fig. 10. The
pressure decreases with radius, partly due the viscous and
turbulent losses and partly due to inertial contribution. Since
inertial contribution is proportional to 1/r3, pressure decreases
rapidly at lower radius. It is evident from figure that the k—
model predicts pressure distribution close to experimental
data.

5. Conclusion

The velocity and pressure predicted using the k—¢ model are
close to experimental data. The flow undergoes a reverse-
transition when the acceleration parameter is 1.6 x 107, which
is much lower than the value reported in the open literature for
other accelerating flows. The acceleration parameter decreases
with gap ratio for a fixed Reynolds number. Turbulence level
should be higher for a low acceleration parameter. Contrary to
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Fig. 10. Comparison of pressure distribution obtained by theoretical
models [MLH and k-¢] with experimental data. Rep=5748,
G=0.0197.

this the turbulence kinetic energy decays faster at lower gap
ratios for a fixed Reynolds number. This shows that the ac-
celeration parameter as well as gap ratio play important roles.
Further investigation is required to establish the criteria for the
on-set of reverse transition.
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