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Turbulence measurements in smooth concentric
annuli with small radius ratios

By K. REHME
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75 Karlsruhe, Germany

(Received 12 September 1974 and in revised form 28 April 1975)

The structure of turbulence of fully-developed flow through three concentric
annuli with small radius ratios was investigated experimentally for a Reynolds
number range Re = 2 x 10%-2 x 105. Turbulence intensities were measured in
three directions, and turbulent shear stresses in the radial and azimuthal direc-
tion, in annuli of radius ratios ¢ = 0-02, 0-04 and 0-1, respectively. The results
showed that the structure of turbulence for these asymmetric flows is not the
same as that for symmetrical flows (tubes and parallel plates). The main difference
between symmetrical and asymmetric flows is that, for the latter, the diffusion
of turbulent energy plays an important role. This is the reason not only for the
non-coincidence of the positions of zero shear stress and maximum velocity,
but also for the failure of most turbulence models in calculating asymmetric
flows.

1. Introduction

Our knowledge of the structure of turbulent flow through channels is based
almost exclusively on experimental results concerning turbulent flow through
tubes and between parallel plates. Such flows are very special cases of channel
flows, because these channels generate a symmetrical velocity profile, and there-
fore the positions of zero shear stress and maximum velocity coincide. Flow
channels of practical importance generally have more complex boundary con-
ditions. In these non-circular channels, there are asymmetric velocity profiles;
hence, the position of zero shear stress is not coincident with the position of maxi-
mum velocity. These asymmetric velocity profiles result from the interaction of
two flow zones of different sizes and different kinetic energy of the turbulence
field. It is to be expected that turbulent transport phenomena in such flows differ
from those of symmetrical flows.

The simplest non-circular flow channel is a concentric annulus with smooth
walls. The annulus also generates an asymmetric velocity profile, which is
more asymmetric the smaller the radius ratio & = r;/r, of the inner and outer
radii of the annulus. For this channel, a number of experimental investigations
were performed on the pressure drop and the velocity distribution (table 1).Some
significant deviations from the behaviour of symmetrical flows were shown, such
as the non-coincidence of the position of zero shear stress with that of maximum
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velocity, and a deviation from the law of the wall of the dimensionless velocity
distribution in the inner zone of annuli with small radius ratios (Rehme 1974).

In contrast to the large number of experimental results on the flow in con-
centric annuli, only a few such are known, concerning the distribution of turbu-
lence intensities and, hence, the kinetic energy of turbulence. The main para-
meters of the investigations reported in the literature are listed in table 1.

Brighton (1963) and Brighton & Jones (1964) for the first time published experi-
mental results on turbulence intensities in three directions, and on radial shear
stress; four different radius ratios were used by Brighton. Kjellstrom & Hedberg
(1966) and Durst (1968) investigated turbulence in the same annulus experimen-
tally; but they measured only the turbulence intensities in the axial and radial
directions, besides the radial shear stress. Lawn & Elliott (1971) published re-
sults of turbulence measurements in annuli with three different radius ratios.

Both Brighton’s and Lawn & Elliott’s investigations covered fairly small
radius ratios (@ = 00625 and a = 0-088, respectively) with highly asymmetric
velocity distributions, whereas Kjellstrom & Hedberg and Durst used a radius
ratio of @ = 0-446, for which the velocity distribution is only slightly asymmetric,
and thus not relevant to asymmetric velocity distributions. But Brighton and
Lawn & Elliott used spacers to fix the core tubes, which may strongly affect the
velocity and turbulence distributions (Rehme 1974). Moreover, for the evalua-
tion of his results, Brighton assumed that the positions of zero shear stress and
of maximum velocity coincided, which has been proved to be untrue (Rehme
1974).

There are also some turbulence measurements on rod bundles, which are
slightly relevant to the flow through annuli, because the inner zones of annuli
are similar to the flow zones between the rods in rod bundles. Of course, this is
true only of pitch-to-diameter ratios that are not too small, because secondary
flows may occur owing to wall shear stress variations. Secondary flows are not
possible in concentric annuli, for reasons of symmetry. Turbulence measurements
in rod bundles are reported by Rowe (1973), Rowe, Johnson & Knudsen (1974)
and Kjellstrom (1974).

From these measurements, no final conclusions can be drawn about the
structure of turbulence in annuli, or hence about that in asymmetric flows.
But it is important to have detailed knowledge of the structure of turbulence
in asymmetric flows. This is necessary to decide whether there are major
deviations from symmetrical flows. Generally it is concluded, from experimental
results in non-circular channels, that the turbulence intensities, made dimension-
less by the friction velocity, show a behaviour similar to that of those in tubes
(Kjellstrom 1974). For the different methods of calculation by turbulence
models, experimental results are also required to check whether the assumptions
included in these models (which are generally based on knowledge of the flow in
tubes and between parallel plates) are valid for asymmetric flows.
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2. Apparatus

Experiments were performed using an open air rig, with annuli of three radius
ratios (¢ = 0-02, 0-04 and 0-1), for a range of Reynolds numbers between 2 x 104
and 2 x 105.

The air rig and the outer brass tube (1.D. 99-97 mm, length 7500 mm) were those
used earlier (Rehme 1972); and the turbulence measurements were run simul-
taneously with the investigations of pressure drop and velocity distributions
reported by Rehme (1974). The cores consisted of a 9-98 mm diameter stainless-
steel rod in the case of ¢ = 01, and of 3-96 and 1-98 mm diameter aluminium
wires in the cases a = 0-04 and 0-02, resulting in ratios of length to hydraulic
diameterof 83-3, 78-1 and 76-5, respectively. The concentric position wasachieved
by using spacers at the inlet and outlet and, for & = 0-1, two other spacers. The
wires were stretched and tensioned by a spring. In the annuli with o = 0-04
and 0-02, respectively, spacers were avoided, because measurements with the
o = 0-1 annulus showed that the velocity and turbulence distributions were not
fully established 27-8 hydraulic diameters downstream of the spacer, as outlined
by Rehme (1974). The measurements were made at the open outlet of the test
section. First, only the axial turbulence intensity (v (u'?)}, radial intensity (v'%)# and
the radial shear stress u's’ were investigated, with the radius ratios & = 0-1 and
@ = 0-02. For the radius ratio o« = 0-04, the azimuthal intensity (w (w®t and the
azimuthal shear stress u’w’ (which must be zero because of symmetry) were
investigated.

Next, the missing values for & = 0-1and o = 0-02 ((w'2)}, w'w’) were recovered.
Finally, the inner zone of the annulus with the radius ratio ¢ = 0-02 was investi-
gated, by means of a bent probe support. The first measurements covered only
4 of this zone near the surface of zero shear stress; the bent probe support allowed
measurements to be taken over 90 9, of the flow zone.

Rehme (1972) described the apparatus (DISA hot-wire anemometer) for the
turbulence measurements. The axial time-mean velocity was measured first by
means of a Pitot tube (0-6 mm outer diameter) on a traverse in the radial
direction. Hot-wire traverses were made with the wire normal to the flow, and
with a slanting wire at yaw angles ~ +45°. Finally, the Pitot tube traverse
was repeated, to check whether the experimental conditions during all traverses
had changed.

For evaluation of the hot-wire measurements, we adopted a method developed
by Kjellstrom & Hedberg (1968, 1970), tested by Durst, Melling & Whitelaw
(1971), and reviewed by Kjellstrom (1974). The hot-wire response was calibrated
against the time-mean velocities measured by the Pitot tube, For that purpose,
the exponent ¢ in Collis’s law (Collis & Williams 1959) was evaluated graphically.
All results were computed on an IBM 360/165.

The relation ¢ = Cav+ K[(p%) — (p%)av] 1)

was proposed by Kjellstrém. ‘av’ denotes an average over the whole speed range
of the calibration K = —0-0007782, which takes into account the dependence
of the exponent in Collis’s law on the velocity. Equation (1) was not used for
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Ficure 1. Experimental results for axial turbulence intensity against dimensionless
distance from the wall: (a) outer zone; () inner zone. — — —, tube results of Laufer.
Rex 104
[ A N
a K ¢} A ] ® A
0-02 0 4-155 8-067 11-36 16-04 23-36
004 1 2:063 3-981 7-036 10-47 21-57
01 2 3-248 7-498 8-964 16-61 20-22

computation of these results, however. Our results for this exponent showed a
stronger dependence on velocity. Thus, for the calculations

¢ = cav[(pu)/(pU)av]"* (2)
was used, based on our measurements in the range (pu) = 6 — 50kgs—1m=2 The
complete set of tabulated results may be acquired from Rehme (1975).

3. Results and discussion

3.1. Turbulence intensities

The turbulence intensities measured in this investigation are plotted in figures
1-3, for three directions, against dimensionless distance normal to the wall. The
figures each show the turbulence intensities of the outer zone on the left side (a),
and of the inner zone on the right side (b), for five Reynolds numbers and
the three diameter ratios. The turbulence intensities measured are made
dimensionless by the friction velocities of the respective walls.

I3 FLM 72
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FiaurE 2. Experimental results for radial turbulence intensity against dimensionless
distance from the wall: (a) outer zone; (b) inner zone. Symbols as in figure 1.

The friction velocities hang on the values of the wall shear stresses, which were
deduced from a force balance (on the basis of the friction factors measured), and
on the position of zero shear stress measured by the hot wire. One piece of
evidence for accurate determination of the zero-shear position is the reasonable
agreement of the shear stress distributions measured by the hot wire with those
calculated from a force balance. Another piece of evidence is the excellent agree-
ment of the zero-shear positions measured by the hot wire with those calculated
by the experimental wall shear stresses at the inner and outer surfaces measured
by Preston tubes. Wall shear stress measurements by Preston tubes require the
validity of universal laws of the velocity distribution in the y* range covered by
the Preston tubes, a condition which is critical especially for the inner zones.
The experimental velocity profiles showed that this assumption was sufficiently
well satisfied for these measurements. The Preston tube covered the range of the
four lowest y* of the experimental velocity profiles (Rehme 1974, figure 10).
Thus the friction velocities were calculated on the basis of the equations reported
by Rehme (1974, (7)—(9) and (12)—(14)). For comparison, the turbulence inten-
sities measured in tubes by Laufer (1954) are included in the diagrams as dashed
lines.

The turbulence intensities in the axial direction are higher than those in tubes,
as measured by Laufer in the outer zone of the three annuli; and they are higher,
the lower the radius ratio. The dependence of the axial intensity in the outer
zone on distance from the wall is also different from tubes, because this is nearly
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FicurE 3. Experimental results for azimuthal turbulence intensity against dimensionless
distance from the wall: (a) outer zone; (b) inner zone. Symbols as in figure 1.

linear over a wide range (0-1 < y/L, < 0-8). The values in the inner zone are
significantly lower than the tube values of Laufer. The distance between the
tube values and the values in the inner zone of annuli increases with decreasing
radius ratios. For o = 0-1, the dependence of inner-zone intensities on distance
from the wall is similar to that of tubes. For the two smaller radius ratios, the
axial intensity in the inner zone is nearly constant over a larger part of the flow
zone, and increases only close to the wall. Influence of Reynolds number on
dimensionless turbulence intensities cannot be detected unequivocally. Turbu-
lence intensities in the radial and azimuthal directions generally show the same
behaviour as the tube values. In the outer zone, the annulus values are nearly
parallel to the tube values: they increase slightly with decreasing radius ratio.
On the other hand, the intensities in the inner zone differ greatly from the tube
values: the annulus results are increasingly lower than Laufer’s values for tubes
with decreasing radius ratio. Collapse of intensity measurements of the inner and
outer zones is also not achieved by dividing intensities by local shear stress,
instead of wall shear stress.

Turbulence intensities in all directions have their minimum values in the region
of the zero shear stress position. This observation does not coincide with the
results of Hanjali¢ & Launder (1968) on a parallel-plate channel with non-
identical roughnesses at the walls. An asymmetrical velocity distribution occurs
also in this case. The measurements by Hanjali¢ & Launder showed a minimum

13-2
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Ficure 4. Experimental results for kinetic energy of turbulence against dimensionless
distance from the wall: (a) outer zone; (b) inner zone. o = 0-02 (K, = 0); a = 0-04
(K, = 2); & = 0-1 (K; = 4). Other symbols as in figure 1.

value of axial and radial turbulence intensities at roughly 809, of the profile
length of the smaller flow zone, whereas the azimuthal intensity showed a mini-
mum at the zero shear stress position.

In summary, we may state that measurements of turbulence intensities of
the flow through annuli show that the structure of turbulence is highly non-
isotropic in the outer flow zone, whereas this is less marked in the inner zone, if
the regions y/L > 0-5 are considered.

3.2. Kinetic energy of turbulence
The kinetic energy of turbulence, defined as

B =05u?+v+w?), (3)

can be calculated as the sum of the intensities in the three directions. Figure 4
shows the calculated values divided by the square of the respective friction
velocities. For comparison, the curves representing Laufer’s tube results are
once more included in the diagrams. Apart from small zones near the wall and
near the zero-shear position, the experimental results for annuli in the outer zone
are higher than the tube values. The dependence of the data on the distance from
the wall is nearly linear in a range 0-2 < y[L, < 0-7 for the radius ratios & = 0-04
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Fiaure 5. Experimental values of radial shear stress against dimensionless distance from
the wall: (a) outer zone; (b) inner zone. Symbols as in figure 1. — — —, calculated.

and 0-02, In the inner zone, again kinetic energy is much less than in tubes. More-
over, the results show that the minimum of the kinetic energy of turbulence
coincides with the position of zero shear stress. This is important, because the
physical phenomena causing the non-coincidence of the position of zero shear
stress with that of maximum velocity can thus be explained reasonably.

3.3. Shear stress and correlation coefficient

Figure 5 shows the measured distribution of the radial shear stress. For com-
parison, the profiles calculated from the pressure drop and the position of zero
shear stress measured at Re = 10° are included as dotted lines. A balance of
forees yields Ap
P = EA , (4)
with the wetted perimeter P, the pressure drop Ap along the length AL, and the
flow cross-section 4. Assuming dp/or = 0 for fully-developed flow through annuli,
we get, for the inner zone,
T =ﬂ2"(7'/7'2)2_;“_. (3)
Tw,  BP—a® (rfry)
and, for the outer zone,
T _ (rfr)?—p2 1 (6)
Twz 1 _ﬂz (7'/"2)'
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Ficure 6. Experimental results for correlation coefficients vs. dimensionless distance from
the wall: (@) outer zone; (b) inner zone. & = 0-02 (K; = 0); ¢ = 0:04 (K, = 0-5); ¢ = 0-1
(K, = 1-0). Other symbols as in figure 1.

(B = 7ofrs is the dimensionless position of zero shear stress.) There is only slight
influence of Reynolds number on the calculated shear stress profile: it was
neglected here.

The calculated and the measured profiles in the outer zone are in good agree-
ment; agreement is excellent in the region 05 < y[L, < 1-0. Near the wall, there
are small deviations especially for low Reynolds numbers, the measured values
being higher than the calculated. The reason for this is supposed to lie in heat
conduction effects from hot wires close to the wall. For the inner zone, agreement
between measurements and calculation is excellent for the diameter ratios
o = 0-04 and 0-02, The results for « = 0-1 suggest that a slightly higher inner
wall shear stress ought to have been measured; but such results are not very
conclusive, since spacers were used in this case, which disturbed the flow, as
Rehme (1974) explained.

Figure 6 shows the measured correlation coefficients in the inner and outer
zones, respectively. The correlation coefficient u'v’ / (')t (v'%)}) in the outer zone
is higher than in the inner zone, which also holds near the wall. This result is in
contrast to the measurements of Durst (1968), who used a radius ratio of
a = 0-446 however. A difference between the results of Durst and the new mea-
sured values is also that there is no similarity of the profiles near the position of
zero shear stress.

The gradient of the correlation coefficient in the case of the small radius ratios
used here is steeper in the outer zone, and the curvature of the profiles in the
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inner and outer zones is different. Durst’s results with the annulus showed, too,
that there was a region near the walls where the correlation coefficient was nearly
independent of distance from the walls, which is also the case in tube flow.

The results for annuli with small radius ratios do not exhibit such behaviour.
On the contrary, in the outer zone the correlation coefficient slightly increases
towards the wall, whereas we find a strong increase in the correlation coefficient
near the wall in the inner zone, which is of course due to the corresponding trend
of the shear stress. Compared with tube results, the correlation coefficient at
best shows a similar trend near the position of zero shear stress in the outer zone;
otherwise, the trend is quite different.

3.4. Eddy viscosities

The eddy viscosities € in the radial direction can be calculated easily, using
measured velocity distributions (Rehme 1974) and shear stress distributions
computed from (5) and (6), based on wall shear stresses calculated from the
measured position of zero shear stress. In a dimensionless form, we get

Lu* 7, m
The calculated eddy viscosities are plotted in figure 7 for the & = 0-02 annulus.
The results for the other two annuli do not differ significantly: they are therefore
omitted from this paper. For comparison, two relationships well known in the
literature are included, the curve representing tube measurements of Nikuradse
(1932) and the equation developed by Reichardt (1951):

ne=5(0o+ () 0-6)) ©

with k = 0-4 and z/r = 1 —y/L.

The experimental values in the outer zone are described well by the two curves.
For y/L,> 0-8, the data are very scattered, because the velocity gradient in this
region becomes very small, resulting in large uncertainties. For y/L, - 1, the
velocity gradient and the shear stress have opposite signs, because the positions
of zero shear stress and maximum velocity do not coincide. In this region, appli-
cation of an eddy viscosity is not meaningful; but the region is very small, and not
very important for calculations of turbulent flow through annuli; thus it may be
neglected. It should be noted that an adequate description of the mean velocity
distribution can be obtained by eddy diffusivity models, whereas the wall shear
stresses, especially at the inner wall, are not calculated correctly. In the inner
zone, a discrepancy is observed between the predicted and the measured eddy
viscosities. In the wall region, the measured eddy viscosities are below the two
curves of Nikuradse and Reichardt. In the middle of the flow region, the maxi-
mum value of the eddy viscosity seems to be higher than in tubes, and obviously
occurs at a higher y/L,. In spite of the greater scatter, a tendency of the measure-
ments towards zero may be detected in the region close to the zero-shear position
unlike the resultsin the outer zone. Measurements of the eddy viscosity by
Jonsson & Sparrow (1966), using three radius ratios (0-28, 0-56 and 0-75) higher

(7)




200 K. Rehme

01 =T T T T
(@) ° .
0-08 }- e t “ -
///€/ —g. \i\\ %\ o
A NS S
/// ? _
0-06- 7 N -
—_ V4 a
= Vi \\ o?
% / \°
) /,/ \
= 14 \
& 004 /5 o
{I‘ \\c
002} ﬁ
0 g | I 1 |
02 0-4 0-6 0-8 1-0
YL,
01 L T T T
®) AR
. o 2, o , .
0-08 - /’;ii—\\s\\o b . ¢
ST a
AN B N
St e SN o
o= 0-06 |- /(/.A ¢ = \\ o .T
3 //'/ 2, £ b\ .
'q"' f 4’0 ) \\
= / oo ° \
S 00al  f.8° -
/s \
/ﬂ o \
/ ‘iﬁ‘ \\
002 |- 4’{ ° "
/2 ’
/&
0 | | 1 i
0-2 0-4 0-6 08 -0
y/Ly
Figure 7. Experimental results for radial eddy viscosity: (a) outer zone; (b) inner zone.
a = 0-02. Tube results: — — —, Nikuradse; — - ~, Reichardt.
O A O ® A

Rex 104 4-05 7-89 11-70 15-76 20-93

than in this study and thus for weakly asymmetric flows, showed no differences
between inner and outer zones. All their results for different Reynolds numbers,
radius ratios and flow zones coincide within the experimental scatter. Jonsson
& Sparrow concluded from their measurements that the eddy viscosities are
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independent of the geometry of the channel wall in the range of diameter ratios
investigated. The new results show that, for strongly asymmetric flows, eddy
viscosities are affected by channel geometry.

3.5. Comparison with results from the literature

Of data in the literature, only those from Brighton (1963) and Lawn & Elliott
(1971) are suitable for comparison with the presents results, because only in these
experiments were intensities measured in all directions. Such comparison is now
made, with intensities related to the respective friction velocities. In order to
provide a basis for comparison, friction velocities are calculated with the experi-
mentally determined position of zero shear stress (Rehme 1974); thus the
position of zero shear stress is calculated with the relation

l_f_:% = 0388 (9)

for the investigations of Brighton and Lawn & Elliott.

Brighton’s results could be re-calculated directly, because they were tabulated.
Those of Lawn & Elliott were given only in diagrams: turbulence intensities for
three values of the dimensionless profile length (namely, y/L = 0-2, 0-5 and 0-8),
for both the inner and outer zones, were taken from these. To evaluate the depen-
dence of turbulence intensities on radius ratio of the annulus, all results were
related to the tube values of Laufer. The latter were taken as a standard, because
they are well known in the literature, although the shape of the profiles of the
turbulence intensities in the present study is in better agreement with the results
on a plate channel obtained by Comte-Bellot (1965). For the three values of
dimensionless profile length, turbulence intensities normalized to Laufer’s re-
sults were taken from the diagrams for all Reynolds numbers investigated. After-
wards, the values were averaged with respect to the Reynolds numbers, and
finally also with respect to dimensionless profile length.

Figure 8 shows the results, some of which are very scattered. Nevertheless,
general trends of variation of turbulence intensities and kinetic energy of turbu-
lence with the radius ratio can be observed. A slight decrease of the intensities
and the turbulent energy with increasing radius ratios occurs in the outer zone of
annuli.

The axial turbulence intensity for a radius ratio approaching zero is about 209,
higher than in the results of Laufer. A radiusratio @ = 01is the limiting value for a
tube. An explanation of the relatively high values may be found in the fact that
Laufer’s results are on the low side. Measurements in tubes by Kjellstrom &
Hedberg (1966), by Coantic (1962) and by Rehme (1972) yield values higher than
Laufer’s (ef. Durst 1968). Also, results of Comte-Bellot (1965) in parallel-plate
flow yield values of the axial turbulence intensity about 15-20 9, higher than
Laufer’s. In the case of radial and azimuthal intensities, the limiting case o — 0
shows a value of nearly 1. This seems to be reasonable, because Laufer’s radial
and azimuthal intensities are in good agreement with results of other authors.
In the inner zone of annuli, we find strongly decreasing turbulence intensities and
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decreasing kinetic energy of turbulence with decreasing radius ratio. These
tendencies are in agreement with those found in rod-bundle results by Kjellstrom
(1974) and Rowe (1973).

Figure 9 compares one characteristic example of the new results (z = 0-02,
Re = 2:336 x 10°) with the predictions of turbulence intensities in different
channels by Bobkov, Ibragimov & Sabelev (1968). These authors generalized
experimental results on turbulence intensities from different investigations,
through the empirical formula

(w*)}/ Uy = A exp[—B(y/L)], (10)
with
Us =ﬁ(1——d7n/amax)- (11)

(@ 1s the local time-mean velocity, #,, the average across the channel, and %,
the maximum value of the channel. 4 and B are constants different for the
different directions.)

The comparison demonstrates that the experimental results for axial turbu-
lence intensity in the outer zone are predicted rather well. The shape of the radial
and azimuthalintensity in the outer zone is described quite well by the predictions,
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too, although the measurements are 20-25 9, below the predicted curves. On the
other hand, the prediction completely fails for the inner zone of the annulus,
in terms of both absolute values and the general trend across the flow zone.
Thus it must be concluded that the prediction of turbulence intensities by the
method of Bobkov ef al. is not adequate for asymmetric flows.

3.6. Comparison with predictions by Hanjalié

Hanjalié (1970) developed a model of turbulence, wherein transport equations
are solved for the shear stress, the kinetic energy of turbulence and the energy
dissipation rate. Together with the mean momentum equation, this model is a
simpler version for two-dimensional boundary-layer flows of the more general one
suggested by Hanjalié, using seven transport equations. It is obviously most
adequate for asymmetrie flows, since it does not rely on the assumption of a mix-
ing length. Hanjalié (1970) tested his model against different asymmetric flows,
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including flow through a smooth annulus with a small radius ratio. (See also
Hanjalié & Launder 1972.) For that purpose, Hanjali¢ compared the predictions
by his model with the results of Lawn & Elliott (1971) on an annulus with a
radius ratio @ = 0:088. The predicted profiles of mean velocity and shear stress
agree well with the experimental data. The calculated positions of zero shear
stress and maximum velocity do not coincide. The position of zero shear stress
predicted by Hanjalié lies slightly nearer to the inner surface than the ex-
perimental result of Lawn & Elliott. The results of this investigation (Rehme
1974) also show a tendency for the zero shear position to be nearer the inner
surface than it is according to the experimental values of Lawn & Elliott.

On the other hand, the predicted position of maximum velocity lies slightly
nearer to the outer surface than the position as measured by Lawn & Elliott
whereas the new results tend to the opposite direction. Comparing predictions
as to the position of maximum velocity by the model of Hanjalié with the
equation of Kays & Leung (1963) for the same also shows that the former are
probably too high.

These differences may be caused by a ‘small departure from the usual practice’
(Hanjali¢ 1970) in the calculation of flow through smooth concentric annuli.
Since turbulence models are valid only at high Reynolds numbers, the viscous
sublayer is neglected, and the boundary condition at the grid point nearest to
the wall was chosen 80 as to meet the universal logarithmic velocity profile at
this point. Hanjalié¢ generally applied the form of this profile suggested by Patel
(1965):

ut = 5-5log,,y* + 5-45. (12)

But, for calculation of flow through annuli, Hanjalié¢ changed the additive con-
stant 5-45 in (12), near the inner core-surface, to

B = 5:45(r,[r,)%1. (13)

This was to account for influence of large curvature, since the data of Lawn &
Elliott and others showed that the velocity at the edge of the sublayer falls
below the universal logarithmic velocity profile. The results of the present in-
vestigation, even for larger curvature at the inner surface, do not exhibit dif-
ferences from the logarithmic velocity profile near the wall, especially for high
Reynolds numbers. Thus, it may be suspected that, in predicting profiles,
Hanjalié accommodated the data of Lawn & Elliott by varying the constant B
according to (13). Moreover, it is interesting to note that the predictions of the
positions of zero shear stress and maximum velocity by Hanjalié’s model do
not show an appreciable influence of Reynolds number, whereas the present
results show such influence slightly for a radius ratio « = 0-1 (with spacers), the
more 8o at lower radius ratios.
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4. Conclusions

This experimental study of the flow and turbulence distribution in annuli
with small radius ratios showed general differences between symmetrical (tube)
and strongly asymmetric flows. Knowledge of symmetrical flows cannot, there-
fore, be extended uncritically to asymmetric ones. In particular, this study
indicated that the turbulence intensity profiles are not universal, if they are made
dimensionless by friction velocity. Turbulence intensities and kinetic energy of
turbulence are significantly lower in the inner zone of annuli than in the outer.
Differences between the inner and the outer zones increase with decreasing radius
ratios, or with increasing asymmetry.

Based on results reported in the literature, and on new measurements, this
study estimated the dependence of turbulence intensities on the radius ratio of
concentric annuli.

For adequate calculation of asymmetric flows, it is necessary to use complex
turbulence models, such as that proposed by Hanjalié (1970) and Hanjali¢ &
Launder (1972), which is probably the most adequate, of practical importance,
available at present. This study provided experimental results, always necessary
to test such advanced models.

The author wishes to express his gratitude to Mr E.Mensinger and Mr G.
Worner for their invaluable help with the construction of the test rig, perfor-
mance of the experiments and evaluation of the results. This paper is a portion
of the author’s thesis (Rehme 1975) approved of the Faculty of Mechanical
Engineering, University of Karlsruhe, in partial fulfilment of the requirements
for the venia legendi in Thermo- and fluid dynamics.
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