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Abstract— Measurements were made of turbulence characteristics, mean flow and heat-transfer parameters
in the entrance region of an annulus of radius ratio 0.25 over a range of Reynolds numbers from
0.13 x 10° to 1.9 x 10%, Tests were carried out with and without a turbulence promoter which gave a
large enhancement of free stream turbulence at inlet. The results were compared using a prediction
method based on the two equation turbulence model. Good agreement was obtained both in the
entrance region and the fully developed situation and with and without the turbulence promoter
providing proper values of the initial turbulence energy and dissipation rate were used.
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1. INTRODUCTION

Because of its importance in heat exchanger and
nuclear reactor design applications the annulus
geometry has been subjected to much attention in the
past. An important feature, which is different from the
plain tube geometry, is that heat may be transferred
from one wall to the other and therefore the correct
description of the diffusion in the central region is of
much greater importance. Most of the past work has
been concerned with fully developed flow and even
here there are certain questions which still remain
unanswered. It is the purpose of this article to present
information additional to the limited work which has
been done on the flow development in the entrance
region. No measurements have been previously made
of the turbulence structure in this region or of the effect
on the turbulence quantities and the other boundary-
layer parameters, such as the displacement and
momentum thickness of the level of the stream tur-
bulence at inlet. This effect was an important objective
of the experiments to be discussed here.

Apart from its basic importance in practical appli-
cations the flow development in the entrance region
of an annulus is an interesting case on which to test
prediction methods which have been recently proposed.

This case should be an exacting test of such methods
since the boundary layers may grow at different rates
along the channel and there will probably be a period
of readjustment necessary to achieve the fully developed
form after the boundary layers have interfered. To
allow for the additional parameter of inlet turbulence
level presents a further and demanding test of any
prediction method.

The prediction methods used were based on the
proposals of Spalding and Launder [1]. First a two
equation model was used with an eddy diffusivity
determined from the solution of the transport equations
of turbulence energy and the rate of dissipation of this
quantity. However, the programme used was, for
historical reasons, developed separately from that
described in [1] and it has a number of different
features.

In addition, the three equation model proposed by
Hanjalic and Launder [2] which included an additional
Reynolds stress equation, without involving eddy dif-
fusivity, was used although for the situations considered
here there was little difference between the results of
the two methods.

2. EARLIER STUDIES ON THE ANNULUS

The annulus has been the subject of much attention,
both experimental and theoretical. However, most of
the earlier work has been on the fully developed flow
situation with particular attention being paid to the
value of the radius of zero shear or of the radius of
maximum velocity and whether there exists any differ-
ence between these positions. The main difficulty in the
annulus is to determine the shear stress on the inner
and outer surfaces. Smith et al. [3] measured the inner
shear stress with a floating element and they were able
to show the radius of zero shear obtained by this

method agreed with that obtained by hot wires. There
was a significant difference from the radius of maxi-
mum velocity for the annulus radius ratio of 0.088.

Measurements, including Reynolds stresses by hot
wire techniques, by Brighton and Jones [4] showed
that there was negligible difference between the two
positions for radius ratios greater than 0.1. They also
showed that the inner velocity profile was different
from the universal form of round pipe flow.

Predictions of velocity distributions and heat transfer
in annuli by Quarmby and Anand [5] and Kays and
Leung [6] showed good agreement with experiment.
In both cases the radius of zero shear was assumed
the same as that of maximum velocity but the eddy
diffusivity variation was not derived from the equations
of motion. Instead an empirical correlation based on
experiments was used for this quantity. Wilson and
Medwell [7] presented a self consistent analysis in
which the mixing length variation of Van Driest was
applied throughout the flow. They obtained good
prediction of friction factor but did not show com-
parison of their eddy diffusivity predictions with the
experimental or theoretical values presented carlier.

An analysis using integral techniques and Reynolds
analogy was presented by Roberts and Barrow [8]
who also made heat-transfer measurements in the com-
bined hydrodynamic and thermal entrance region.
They obtained good agreement and showed that the
variation of Nusselt number was not significantly
different from the situation where the velocity profile
remains unchanged.

More recent work by Hanjalic and Launder [2] has
shown that the flow details. including the non-
coincidence of the radii of zero shear and maximum
velocity, can be predicted by a three equation tur-
bulence model in which the eddy dittusivity concept
is not used. In a smooth annulus however of the radius
ratio used in the present experiments the two equation
model will be shown to give satisfactory predictions.

Some measurements and predictions have been made
in the entrance regions of parallel wall channels by
Stephenson [9]. Hatton and Woolley [10] and in a
pipe by Walklate ¢t al. [11]. Apart from the latter
reference, however, comparisons are made of only
mean flow parameters although these were shown to
be mainly satisfactory. It was also shown that there
is little difference betwecen Stanton numbers for the
situations where the velocity profile is developing and
where it is unchanging along the duct.

3. APPARATLUS

The tests were carried out in an annulus of inner
and outer radii 12.7 and 50.8mm and total length
3.75m giving an overall length/equivalent diameter
ratio of 49. Air was drawn through the annulus by a
centrifugal fan to obtain Reynolds numbers in the
range 0.13 x 10°—1.9 x 103, The air was filtered at
inlet before entering a settling chamber from which it
passed to the annulus through a mouthpiece shaped to
give constant acceleration. For tests in which a high
turbulence level was required a turbulence promoter
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FiG. 1{b). Variation of mean velocity at particular radii along the annulus (outer profile).

was included after the entry section. The promoter
consisted of eighteen radial strips at equal angular
intervals, the trailing edges of which were saw cut to
adepth of 2.4 mm at intervals of 24 mm and then bent
alternately in opposite directions. This produced a very
large enhancement of turbulent energy at the inlet to
the annulus,

Standard commercial hot wire equipment was used
with wires 1.5mm long and 0.005mm dia. Radial
traverses were made at a number of locations with
single wires, both straight and inclined at 45° and in
both vertical and horizontal planes. Traverses using
total head and static tubes were also carried out to
obtain mean velocity profiles and the usual corrections
for turbulence and displacement effects were con-
sidered. The Reynolds number was obtained from these
traverses and was observed to be closely constant at
all the axial stations which provided a check that the
flow was axisymmetric.

The central core of wall thickness 2.2 mm was heated
electrically and was fitted with thermocouples which

were spaced at 2.54cm intervals near the inlet but at
wider spacing further down the duct.

All readings were fed into a computer program
which determined all the important parameters includ-
ing the Reynolds and Stanton numbers. For the latter,
corrections were included for axial conduction in the
core tube and radiation, both of which were small.
The necessary physical properties were taken at the film
temperature, i.e. the arithmetic mean of wall and bulk
temperatures.

4. HOT WIRE SIGNAL ANALYSIS
The wires were calibrated in a smalil fow turbulence
wind tunnel by reference to a pitot tube. The equation
described by Davies and Patrick [12] was used to
correlate the results and they showed that this form
gives a much improved dynamic response equation

than the usual King's Law. This equation is:
e’ = A+BUY+CU, (1)

A least squares second order polynomial of the above
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form was used to fit the values ¢* and U obtained
from the calibration to obtain 4, B and C. Having
obtained these constants the velocity was obtained by
inverting equation (I) to give:
U=[!=B+[B>=4C(4—)*]H12CT = dlo).
Since A, B and C do not vary with U. differentiation
of equation (1) leads to an expression for the wire
sensitivity
de  20+BU!

=T s 2)

dU 4e

and if de and dU are assumed to be equivalent to
small fluctuations of voltage ¢" and velocity U’ then:

¢ {¢'?)?
'":S:—?;- (3’
v (U'):
Combining (1), (2) and (3) with D = B*+4C(e*— A)
the turbulence intensity is given by:
de(e’?)}
{D—BD*2C}

4)

To determine the usual fluctuating components of
velocity parallel and normal to the mean flow 1'% 2
and w” and the stress components ¢’ and u'w' it is
necessary to make five traverses, one with a wire normal
to the mean flow direction, two with the wire in the
vertical plane inclined at +45° to the mean flow and
two with the wire in the horizontal plane included at
+45° to the mean flow. The procedure for analysing
the signals is well known and the equations are given
for example, in {13]. However, the method used to
compensate for the deviation from the “cosine law™
was different. In the present work a direct calibration
method was used to account for the cooling effect of
tangential velocity component. The wire was calibrated
at an angle of 45" to the flow direction, and a cosine law
was assumed in obtaining the calibration constants. In
this way the calibration constants included the effect
of the tangential component of the velocity.

5. PREDICTION METHOD

The boundary-layer forms of the equation of
momentum and thermal energy were solved numeri-
cally in the entrance region using well known tech-
niques. For the flow situation in question (i.e. a duct
of specified dimensions) it is necessary to calculate the
axial pressure gradient distribution in order to solve
for momentum. This was achieved by the continuous
correction of an estimated pressure gradient based on
the resultant out of balance of the mass flow rate. The
procedure used is described by Briley [ 14] who applied
it to a three dimensional parabolic duct flow.

The boundary-layer momentum and energy equa-
tion, including the well known eddy diffusivity assump-
tions and neglecting axial diffusion, may be written:

’ ¢ I ¢ ( )F‘t
Ut — =~ = <ro+e,) = r.
Ox or rér or

These transform to:
cZo =270 ¢
TOT a4 T4 o
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The turbulence model to be employed in the predic-
tion method involves the numerical solution of two
additional nonlinear partial differential equations for
the turbulence kinetic energy k and the rate of dissi-
pation of turbulence kinetic energy v(cu}idx;)?, and was
the same as that described by Launder and Spalding
[1]. Further, it is postulated that the remaining un-
known eddy diffusivity. by dimensional analysis, is
given by:

[
o
T -

+ -
[
iS4
|

>

b Q*

L= Co i (7
where Q is a dimensionless turbulence kinetic energy
k/uf, E is a dimensionless rate of dissipation of tur-
bulence kinetic energy defined as E = (v2/uy)(fu}/dx,)?
and C,, is a constant. The boundary-layer form of the
transport equations for Q and E after transformation
to X-R co-ordinates are written:

Q@ e 1 |riZ : E
X v4ZY|r, R |z

,[;E kw1 r 0Z) C, E?
ox Tl 40Z% | r, (R

BRI A P PO 9
‘R | r(,) v, |CR )

where Cy, C3, &, J, are constants. Again axial diffusion
terms are neglected.

The forms of these equations. which embody con-
siderable simplification of their exact form, do not
apply to the low turbulence Reynolds number region
close to the wall. A simplified model for ¢, was used
in the region near the wall 0 < y* <y, which was
based on the Van Driest hypothesis:

Em

CZug o
== [Ky(l—exp(y*/26))]*| — |- —. (10
v [ '( p(-‘ ))] lf(",R]Q‘,Z r, { )
In order to match the two turbulence models at

v* =y itis assumed that:

Y e
k)TN

where u'v’ is obtained from the near wall solution of
momentum with equation (10). This provides boundary
values Q,, and E, for the solution of equations (5), (6).
(8) and (9) in the region ¥y~ > y,.
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Hence
W),
%= icy
and from equation (7)
E = gm/Qi
(m/¥)p

The turbulent boundary-layer calculation was given
initial laminar velocity and temperature profiles gen-
erated from flat inlet profiles. The turbulent boundary-
layer solution began at a specified boundary-layer
thickness Reynolds number and this was a constant
for all the predictions. The inlet profiles for Q and E
were assumed to be flat. The magnitude of Q at inlet
was measured in the experiments and the same values
were used in the calculations. The inlet value for E
could not be measured directly, but measurements of
axial variation of free stream turbulence kinetic energy
near inlet yield an estimate of E. From equation (8)

o)

cX

(11)
For the range of turbulence levels at inlet it was
assumed that the corresponding dissipation rate could
be correlated by the following expression:
Ew=Cs00% (12)
Values of E,, were obtained from measurements of
2Q/2X and Z using equation (11). The value of C;
was hence determined from equation (12) and equation
(12) was used in the program. C; is an inverse Reynolds
number based on a dissipation length scale. This was
assumed to be proportional to the boundary-layer
thickness Reynolds number at inlet and therefore C;
is a constant.
The following constant values were used in all the
predictions:

Ci =144 5k = 0.41
C,=20 S5y =09
C3=234x10"% 3, =10
Cp= 007 5,=13

which were taken from Launder and Spalding [1].

Computation details

The governing equations were solved by a parabolic
computation scheme based on the Crank—Nicholson
method. The annular mass flow space was resolved by
92 cross stream nodes which were distributed in the
form of a geometric progression in the radial direction.
It was therefore possible to maintain good resolution
near the walls where the slopes of the dependent
variables are greatest. A typical run time on the
UMRCC CDC 7600 was 60s although a large propor-
tion of this time was used in solving the flow near
the entrance (X/D, < 1.0). The step lengths in the axial
direction were controlled so that the change in the
pressure gradient correction was less than 1072,

6. RESULTS

The results to be discussed in this section are only a
selection which are chosen having regard to the ob-
Jectives of the experiment which were: (a) To provide
data on the variation of mean flow parameters in the
entrance region of an annular duct; (b) To test the
success of a turbulence prediction method; (c) To in-
vestigate the influence of inlet turbulence level particu-
larly by the inclusion of a turbulence promoter.
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The turbulence promoter was found to increase the
inlet turbulence energy at the Reynolds number used
by a factor of x75.

At 32 equivalent diameters there is no difference in
the predictions for the two turbulence levels and the
velocity profile has achieved its fully developed shape.

Figures 2 and 3 show the local turbulence levels
in the three directions axial, radial and tangential. At
a distance of the order of 12 equivalent diameters the
boundary layers on each side have interfered and the
turbulence levels do not show much change after this
position. The effect of the turbulence promoter is, as
would be expected, important in the early stages of the
flow with very high turbulence levels in the central
regions decaying rapidly along the duct.

Figures 4(a) and 4(b) show the shear stress profiles
in an isometric form. It is clear that apart from the
experimental errors the prediction is in good agree-
ment with the experiment. Without the turbulence
promoter there is a core region with zero Reynolds
stress which persists until the boundary layers interfere
but with the turbulence promoter included this region
is very much reduced and is not apparent at the first
measuring motion. The very high turbulence level at
entrance will cause the Reynolds stress to diffuse more
rapidly into the central regions. However, this situation
of large difference from equilibrium does not appear
to achieve the fully developed situation over any
shorter distance than the normal situation. Also shown
on Fig. 4(a) is the result of using the three equation
turbulence model of Hanjalic and Launder [2]. It can
be seen that there is only a small difference between
the prediction of the two turbulence models as would
be expected in this situation where the radial rate of
diffusion of Reynolds stress is small. The corresponding
changes in velocity profiles were also negligible. Figures
5(a) and S(b) show comparisons of the turbulence
energy. Whilst there is appreciable scatter the agree-
ment is fairly good and again the prediction has
successfully shown the very anomalous profile at the
first station when the turbulence promoter is in
position. A comparison at a lower Reynolds number
but without turbulence promoter is shown on Fig. 6
with only the initial and final profiles shown for clarity.
Figure 7 shows variations of inner and outer friction
factors along the duct, the measured values being
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F1G. 6. Development of turbulence kinetic energy and
Reynolds stress profiles.

obtained by Preston tube. Whilst some criticism has
been made of this method for the inner friction factor,
it has been shown to be reliable at the radius ratio
used in this experiment. In the fully developed situation
the total friction factor agreed well with the value
obtained from the static pressure gradient. The fully
developed value agreed with the accepted parallel wall
correlation

Cy=0087Re™ .

The measured friction factors in the entrance region
are somewhat higher than the calculated values but
both measurements and predictions reflect the same
trends, namely, the inner friction factor being higher
than the outer and the increased turbulent energy
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Fi1G. 7. Variation of the friction coefficients along the annulus.
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causing an increase in the initial region. The position REFERENCES

of the radius of maximum velocity was in agreement
with the empirical formula of Kays and Leung [6]
which was obtained from a large number of experi-
mental measurements by other workers.

Finally, Fig. 8 shows the variation of Nusselt number
in the entrance region expressed as the ratio of the
local to fully developed value. The prediction shows a
marked increase of heat transfer in the entrance with
the turbulence promoter present and the measurements
also show this effect. However, close to the promoter
the agreement is not good probably due to the diffi-
culty of ensuring that the start of heating takes place
at the promoter position. There is inevitably some
conduction in the core which gives a small heat flux
upstream of the nominal position of the start of heat-
ing. This effect will produce a reduction in heat
transfer coefficient and is possibly the cause of the
lack of agreement in the very early stages.

7. CONCLUSIONS

(1) Turbulence kinetic energy, shear stress, velocity
and heat transfer have been measured in the flow
development region of an annulus with two levels of
free stream turbulence at inlet. The results agree well
with a prediction method using the two equation
model.

(2) The use of a turbulence promoter producing a
75 times enhancement of turbulence intensity at inlet
was seen to produce an increase of friction and heat
transfer in the entrance region. The length required to
achieve the fully developed situation seemed to be
unchanged.

(3) The measurements and predictions in the fully
developed situation of friction, heat transfer and radius
of maximum velocity were in good agreement and also
agreed well with generally accepted values.
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EFFET DU NIVEAU DE TURBULENCE INCIDENT SUR L'ECOULEMENT ET LE
TRANSFERT THERMIQUE DANS LA REGION D’ENTREE D'UN ESPACE ANNULAIRE

Résumé —On présente les mesures faites sur les caractéristiques de la turbulence, sur les parametres de
I'écoulement moyen et du transfert thermique a Pentrée d’un espace annulaire dont le rapport des
rayons est égal 4 0,25, pour un domaine de nombres de Reynolds allant de 0,13 x 10° & 1,9 x 10°. Des
essais ont ¢té menés avec ou sans promoteur de turbulence, lequel donne un fort accroissement de
turbulence dans I'écoulement libre a l'entrée. On compare les résultats avec le calcul a partir du
modele a deux équations de turbulence. Un bon accord est obtenu a la fois pour la région d'entree et
pour la région de régime établi et aussi avec ou sans le promoteur de turbulence, a condition de
considérer les valeurs convenables de I'énergie de la turbulence initiale et de la dissipation.

DER EINFLUSS DES FREISTRAHL-TURBULENZNIVEAUS AUF DIE STROMUNG UND
DEN WARMEUBERGANG IM EINLAUFBEREICH EINES RINGKANALS

Zusammenfassung—Im Einlaufbereich eines Ringkanals mit einem Radienverhdltnis von 0,25 wurden
flir0,13 x 10° < Re < 1.9 x 10° die TurbulenzgrdBen, die Stromungs- und die Warmelibergangs-Parameter
gemessen. Die Versuche wurden mit und ohne Turbulenzpromotoren durchgefiihrt; letztere ergaben
eine starke Erhohung der Freistrahlturbulenz im Eintritt. Die Ergebnisse wurden mit der auf dem Zwei-
Gleichungs-Turbulenzmodell basierenden Berechnungsmethode verglichen. Sowohl fiir den Einlauf-
bereich wie fiir die voll ausgebildete Strémung, mit und ohne Turbulenzpromotoren, ergab sich eine
gute Ubereinstimmung, vorausgesetzt, es wurden geeignete Werte fiir die anfingliche Turbulenzenergie
und die Dissipationsrate verwendet.

BJAVAHUE YPOBHA TYPBYJEHTHOCTU BHENHET O TIOTOKA HA
TEYEHUE U TEIIJIOOBEMEH BO BXOJIHOHN OBJIACTU KOJBLIEBOI'O KAHAIJIA

Anmorampust — ITpoBeieHbl M3MEPEHHS XapaKTEPHCTHK TYPOYNEHTHOCTH, MapaMeTpOB CPEHETO Te-
4eHHs U NEpEeHoOca Telia BO BXOIHOM 061acTH KOJLLEBOTO KaHala C OTHOLIeHueM paauycos 0,25
B Auana3oHe yncen PeitHonsaca o1 0,13-10° go 1,9 10%. OmsIThl POBOIMIUCE KaK € TYPOYTH3aTOPOM,
KOTODBIH 3HA4YMTENbHO YCHIHMBAN TypOyJEeHTHOCTH OCHOBHOrO MOTOKa Ha BXO#e, Tak U 6e3 Hero.
DkcnepuMeEHTaIbHbIE JaHHbIE CPAaBHMBAJMCH C pe3ysbTaTaMH YHCIIEHHOTO CY€Ta, IOJIyYeHHbIMH
C NOMOIIBIO MOIENH TYpOYNEHTHOCTH, COCTOsAILed M3 AByX ypasHeHuil. ITonGop noaxomsiumx
3HAaYeHM i HAYa/IbHOM 3HEpruM TYPOYIEHTHOCTH M CKOPOCTH NHCCHNIALMYU MO3BOJIMI NMOYYHTh XOpO-
IIee COOTBETCTBHE CPABHMBAEMBIX PE3yJbTATOB KaK AJisi BXOJHOrO Y4acTKa, TaK U JJ1s HOJHOCTBHIO
YCTAHOBHBLUETOCS TEYCHMS.
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