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 ABSTRACT

The development of velocity profiles for turbulent
flow of air in the entrance region of annular ducts has
been studied. The diameter ratio ranged from 0.2 to 0.7
and the Reynolds number range covered was between 4,000
and 70,000.

The general purpose of the work undertaken was to
determine the behaviour of fluids flowing in smooth
concentric annuli. The specific problem was that of
determining settling length as a function of diameter
ratio and Reynolds number for isothermal flow of air at
room temperature. The study was based on the assumption
that two successive identical velocity profiles constit-
uted settled flow. This emphasized the need for exact
concentricity and uniformity in diameter throughout the
annulus. The eccentricity involved in these experiments
was less than 3% and the results of Ivey (10), a grad-
uate student at the University of Windsor, who carried
out research on annular flow, indicated that these small
order eccentricities had no significant effect on veloc-
ity profile. The variance in the tube diameter aléng
the length was, of course, minimized by strict selection
of tubes and also by using an aluminum tube as a core
which had a tighter tolerance than the acrylic tubes

iii
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used in previous test runs.

The results of the present investigation indicated
that the settling length increased rapidly with an incr-
ease in Reynolds number up to approximately 22,000, but
this strong influence of Reynolds number was greatly
reduced with any further increase in Reynolds number.
The settling length was then dependant mainly on the
diameter ratio. The settling length decreased with an
increase in diameter ratio for the same Reynolds number.

The settling length for flow in an annulus of
diameter ratio close to 1 was found to be about the same
as that for flow between parallel plates. However, for
an annulus having a diameter ratio approaching zero the
settling length deviated significantly from the corresp-
onding value for flow in pipes. This is similar to
Sparrow's (27) predictions for developing laminar flow
in the entrance region of annular ducts. The friction
factor data obtained agreed closely with Davis' (6)
results, but was found to be higher by about 10% than

the average of other experimental results.

iv
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NOTATION

Outer diameter of the inner tube, L

Inner diameter of the outer tube, L

Equivalent diameter of the annulus (D, - D), L
Diameter of a tube, L

Friction factor, dimensionless

Gravitational constant, mLZ/Ft2

Settling length for fully developed velocity
profile, L

Pressure decrease equivalent to energy loss due
to friction, F/L2

Reynolds number based on equivalent diameter,

U De dimensionless
y

Outer radius of the inner tube, L
Inner radius of outer tube, L
Radial location, L

Radius of a tube, L

Average velocity for cross-section, L/t

Unax The maximum velocity in the fully developed flow

region, L/t
Velocity at radius r, L/t
Maximum velocity in the cross section, L/t

A linear distance, L

Shear stress at the .inner wall, F/L2

X
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Shear stress at the outer wall, F/L2

’rZ
vy Kinematic viscosity, Lz/t
) Thickness of hydrodynamic boundary Layer, L
f Density of air, M/L3
SYSTEM OF DIMENSIONS USCD ABOVE ! -
F Force, pounds
L Length, feet
M Mass, pounds
t Time, seconds

xi
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CHAPTER I

INTRODUCTION

Numerous experimental studies have been made reg-
arding the determination of settling length or entrance
length for the development of velocity profiles in a
conduit or between parallel planes, but there seems to be
a complete absence of data on settling length in an ann-
ulus. Moreover, most of the work carried out on the
developing flow in the entrance region of conduit or
parallel planes is limited to the laminar region.

Annular flow is encountered in the case of heat
exchangers, axial flow pumps and compressors. A thorough
knowledge of settling length and velocity distribution
is a prerequisite to axial flow turbo machinery studies
and annular heat exchanger design. The annulus is also
of academic interest because of its unique cross-section
geometry and forms a bridge between pipe and parallel
planes which are its limiting cases. This and many other
applications justify the need to accurately determine
the settling length for flow in an annulus.

Due to a lack of previous work, it was recognized
that the present investigation may be only of preliminary
value in the study of developing flow in the entrance

region of annular spaces. Four annuli of diameter ratios

1
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0.2, 0.3, 0.5 and 0.7 were tested between the Reynolds
number range of 4,000 to 70,000. Static pressure meas-
urements were also taken for three combinations of diam-
eter ratio 0.30, 0.33 and 0.5 to study the behaviour of
shear stress and friction factor with change in Reynolds

number and diameter ratio.
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CHAPTER 2

THEORY AND EXISTING LITERATURE

A review of past literature reveals that although
a considerable amount of work has been done on annular
flow, most investigators have been concerned with the
structure of fully developed velocity profiles, and
little work has been done on developing flow in the
entrance region of annular ducts.

When a fluid such as air enters a pipe, the velocity
at the entry will be practically uniform over the cross-
section. The velocity at the wall is however, zero, so
that an infinitely thin boundary layer is formed around
the walls of the pipe, the thickness of which increases
further downstream. The fluid ocutside the boundary
layer is called the core. Since the fluid adjacent to
the wall is retarded by friction, it is necessary that
the flow in the core be accelerated in order that the
same mass flow passes through every cross section of the
duct. The velocity boundary layer grows in thickness
along the length of the duct until it reaches the centre
line where it meets the boundary layer from other wall
of the duct. At this point, fully developed flow is
obtained, and assuming no disturbances, this condition

will be maintained throughout the remainder of the pipe.

3
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Of main interest now, is the determination of the length
required before two successive, identical, velocity
profiles are obtained. This length to produce the fully
developed profile is termed "settling length" or "entrance
length". Rothfus (21) called it "calming length" while
some others have used "inlet length".

Tubes and parallel plates are effectively limiting
cases of annuli as the radius ratio progresses from
zero to unity. It is, therefore, reasonable to assume
that a general method of correlating annular flow sett-
ling lengths might be developed which would include
tubes and parallel plates. In view of the absence of
past work, and to get a clear insight into the problem
of settling length in an annulus, it seems useful to
review the existing literature on the subject for tubes

and parallel plates.

A. SETTLING LENGTH CORRLLATIONS
(a) TUBES

The flow conditions at the entrance of a conduit
greatly influence the length required for a fully dev-
eloped velocity profile to form. The entrance to a
conduit may be either a sudden expansion or contraction
in the cross-sectional area of the flow, and for this
reason, the configuration of the entrance is an import-
ant consideration in studying the flow downstream. When

the fully developed flow in a tube is laminar, the
4
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boundary layer will be laminar and as such, the entrance
configuration will only have a slight effect on the
entrance length. However, for turbulent flow, the
entrance configuration becomes of prime importance in
determining the dynamics of flow downstream. If the
entrance is abrupt, the boundary layer will probably be
turbulent from the beginning. If the entrance is rounded,
the boundary layer may be laminar immediately beyond the
entrance and then become turbulent some distance down-
stream. In considering flow in the entrance section of
the conduit, two entrance lengths are involved, the
length required for the velocity profile to develop and
the length required for the shear stress at the wall to
reach its fully developed value. As the fluid enters
the conduit, the velocity gradient at the wall is theor-
etically infinite. 1In a relatively short distance, the
velocity profile adjacent to the wall will have developed
to a steady value. Formation of the fully developed
velocity profile, however, requires considerable length.
Laminar Flow: - For laminar flow in pipes, Schiller

(24) predicted theoretically that

Le _
= = 0.02875 Re (1)

Prandtl and Tietjans (20) indicated that the

velocity profile developed in a length given by

Le _
™ " 0.05 Re (2)
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Langhaar (14) by solving the momentum equation

showed that,

Le = 0.0575 Re (3)
dw

where Le is the entrance length required for the centre
line velocity, to reach 99% of the fully developed value.

Turbulent Flow: -~ For turbulent flow, the main
factors contributing to the settling length are Reynolds
number and equivalent diameter. However, the entrance
configuration and turbulence of the entering stream also
influence the settling length to a lesser extent. Since
little work has been done on developing flow in tubes,
no relationship exists for the prediction of the settling
length from the parameters such as Reynolds number and
equivalent diameter.

Schiller and Kirsten (23) studied the developnent
of the velocity profile for turbulent flow in pipes for
both rounded and sharp edged entrances. For Reynolds
numbers ranging from 10,000 to 50,000, they observed that
an entrance length of 50 to 100 equivalent diameters,

characterized by U/U = 0.8, was necessary for the

max
formation of a fully developed velocity profile. They
also noted that for a rounded entrance, the settling
length decreased with an increase of Reynolds number,

but for a sharp edged entrance, the opposite was true.

6
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They explained this on the basis of the disturbance
caused in the flow by the sharp edged entrance. Their
results indicated that the entrance length required was
five times greater than that given by Latzko's (15)
theory. Schiller and Kirsten suggested that Latzko's
theory should be modified to obtain a closer agreement
with the experimental results.

Deissler (7) studied the variation of velocity
along a tube at the centre and at r/rw = 0.9 for both a
rounded and a right-angle-edge entrance. He found that
the development of the velocity profile was more rapid
for the right-angle-edge entrance than for the rounded
entrance; with the right angle edge entrance fully dev-
eloped flow was obtained after 45 tube diameters from the
entrance, but with the rounded entrance the distribution
was still developing slightly at 100 tube diameters from
the entrance.

It should be noted that for turbulent flow, the
distance required for the local friction factor to equal
the fully developed friction factor is considerably less
than that required for the development of the velocity
profile. Deissler's (8) theoretical results showed a
length of 6 diameters was required for the local friction
factor to become constant and consequently for the veloc-
ity profile adjacent to the wall to become steady.

Latzko (15) predicted the entrance length required
for the friction factor to become constant as,

7
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Le/dw = 0.623 (Re) 1/4 (4)

which appears to agree with Deissler's ( 8 ) theoretical

results.

(b) PARALLEL PLANES
Laminar flow - Sparrow (26) studied laminar flow
in the inlet section of two parallel planes and obtained
the following relation:

Le/2b = 0.00648 Re (5)

where 2b represents the equivalent diameter, b being the
distance between the two planes.

There is no reliable data available for settling
length for the fully developed velocity profile in the
turbulent region. However, it is generally believed
that the distance required for the formation of a fully
developed velocity profile between parallel planes 1is

about 50 equivalent diameters from the entrance.

(c) ANNULI

The most recent and to the best of the author's
knowledge, the only work done for developing flow in the
entrance region of an annulus is that published by
Sparrow and Lin ( 27 ) in 1964. They solved the momentum
and continuity equations in their excellent analysis for
developing laminar flow in annular ducts. Sparrow and
Lin found that the flow development in annular ducts with
a radius ratio substantially less than unity (0.4) was

8

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



quite similar to that in parallel plate channels

(rj/ry —1). On the other hand, it was interesting to
note that the results for an annulus with radius ratio
as small as 0.001 deviated substantially from those for

a circular tube (rl/r It was also noted that the

2 —0).
settling length, measured as a multiple of equivalent
diameter, increased as the duct ratio was decreased at
a fixed Reynolds number.

Rothfus, Monrad, Sikchi and Heideger ( 22 ) plotted

their results for shear stress on the outer wall of the

concentric annulus H2)x

(Tz)x
They noted that this ratio does not approach unity until

D. S versus x/(d_ -d.).
v 2 1

x/(d,=d1) = 200 or above is reached. The investigation
was based on the assumption that the position of maximumn
velocity remains the same in the turbulent flow, as it

is in fully viscous flow in the same annulus. The ass-
umption does not seem to be true according to more recent
work in this field. Brighton and Jones ( 4 ) and Nicol
and Medwell ( 17 ) have found the position of maximum
velocity in turbulent flow to differ from that for

laminar flow.

B. FRICTION FACTORS IN ANNULI:

The friction factor for an annulus is expressed by the

equation - -
q (D,~D1) dPg

f = < ' 9.

2f>U2 dx

(6)
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The Reynolds number for an annulus is based on the
equivalent diameter (D, - D;),
Davis ( 6 ) studied annular friction factor data
and proposed the following equation
0.1

-0.2 D,

£ = 0.055 (Re) 1-— (7)
P2

His equation for turbulent friction factors involves the
diameter ratio Dl/Dz- It also shows that the effect of
diameter ratio is small at values of Dl/DZ less than 0.3.

Experimental correlations of most investigators
express friction factor data in terms of Reynolds number
alone. The average of various experimental results can
be represented by the following equation;

£ =0.076 (Re) 02>

and the experimental data deviate as much as 35% from the
above equation.

Brighton and Jones ( 4 ) found that the friction
factor depended only on the Reynolds number and is indep-

endent of diameter ratio, at least for Dl/Dz- values of

0.625 and higher.

10
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CHAPTER 3

THE APPARATUS
In general, the experimental apparatus consisted
of horizontal conduits through‘which a measured quantity
of room air could be made to flow under steady isother-
mal conditions. The air was drawn in by a fan through
the 18 foot long annulus. The test sections were loc-
ated at 2 foot intervals along the annulus except the
first and second test sections which were located at
16 and 34 inches respectively from the entrance. Add-
itional test sections were made wherever necessary.
Respective distances of the various test sections from
the entrance of the annulus are as shown in table-1l.
The experimental equipment consisted of a large
number of component parts and accessories, the most
important of which are described below:
A. THE FLOW SYSTEM
(a) Fan: The air was drawn through the annular
space by an American Blower Corporation, Type
"1V", industrial centrifugal fan driven by a
208 volt, 3 phase, 3 h.p. induction motor.
(b) Flow Control: The air flow through the
annulus was controlled by a butterfly valve

placed at the inlet of the fan.

11
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(c) The Annuli: Six foot lengths of cast and
extruded Acrylic tubing were connected to
form the inner and outer tubes of the annuli.
The entire length of the annulus was supported
on a plywood table by rectangular plywood
supports, 0.75 inch thick at approximately 2
feet intervals (See appendix B - Photograph A).
The outer tubes were joined together by
aluminum couplings on the outside. The same
outer pipe was used for all four annuli; the
internal diameter of this outer pipe was 2.5
inches and the wall thickness was 1/8 inch.
Micrometer measurements at various points on
the periphery and along the pipe length ind-
icated that the maximum deviation in internal
diameter was 0.010 inch. The inner pipes or
cores consisted of three seamless acrylic
tubes having outside diameters of 0.5, 0.75
and 1.75 inches and an aluminum pipe having an
outside diameter of 1.25 inches. The microm-
eter measurements at various points showed
variations of 0.005 to 0.020 inch in those
diameters. The inner tubes were held to-
gether with aluminum connectors pushed in-
side the adjoining ends of the tubes. The

ends of the tubes were faced carefully to

12
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ensure that they formed a smooth continuous
joint when connected together. Such a joint
offered negligible discontinuity in the main
flow. Appropriate sizes of rubber hose were
used to connect the annulus to the blower
section.

(d) Core Supports: Core supports were found
necessary at about two foot intervals to
prevent any appreciable sagging of the core.
Consequently, eight supports were installed
at distances of 2, 4, 6, 8, 10, 12, 14 and
16 feet from the entrance. Each set of
supports consisted of a pair of drill rods
of 0.04 inch diameter inserted at right angles
to each other in the annulus. The test sect-
ions were located 21 inches downstream of every
core support and at 45° to the drill rods, so
that the flow was free from disturbances caused
by the preceding core support.

(e} Static Pressure Taps: Holes (Bradshaw 2 )

0.04 inch diameter were drilled for the static
pressure openings in the outer pipes. Internal
burrs were carefully removed with emery cloth.
One inch sections of 0.25 inch outer diameter
acrylic tube were glued to the outer tubes

over the 0.04 inch static pressure holes.

13
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Tygon tubing was then used to connect the
acrylic rod to the micromanometer. Diamet-
rically opposite to the static pressure holes,
small slots were cut in the outer tube to
allow entry of the pitot tube at each test
section.

(f) Core Plugs: Finely machined wooden plugs of
hemispherical shape were pushed into the two
open ends of the core to prevent air leakage

to the inner tube.

B. EQUIPMENT FOR VELOCITY MEASUREMENT

(a) Impact Tube: The impact tube selected was
made from Stainless Steel hypodermic needle
tubing having 0.025 inch outside diameter and
0.012 inch inside diameter.

In his apparatus, Rothfus ( 21 ) used two

impact tubes, one was a straight tube with a
slot for measurement of small velocities near
the wall, and the other was of a more common
design for measurements in the mainflow away
from the wall. His straight tube was 0.042
inch diameter and had a slot of 0.015 inch
wide and 0.029 inch long. The end of the
tube was closed by a cap of aluminum foil
0.001 inch thick and 0.042 inch in diameter.

It required calibration.

14
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(b) The Impact Tube Traversing Mechanism: The
impact tube was precisely located in the
annular section by means of the traversing
mechanism (See appendix B - Photograph B). The
traversing mechanism was installed on stands
mounted on a heavy base plate to guard against
any vibrations of the table. A 2 inch microm-
eter head was mounted on a housing which cont-
ained the pitot tube assembly under spring
tension. This arrangement enabled the pitot
tube location to be determined to an accuracy
of 0.001 of an inch. A threaded shaft between
the housing and the base plate provided the
vertical adjustment of the impact tube.

(c) The Micromanometer: The dynamic pressures and
static pressure differences were measured by
a Merium Model A-750 micromanometer. Tygon
tube of 0.125 inch inside diameter connected

the pitot tube assembly to the micromanometer.

15
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CHAPTER 4

EXPERIMENTAL PROCEDURE
" A set of four different annuli were selected with
equivalent diameters ranging ffom 0.75" to 2". The
diameter ratios ranged from 0.2 to 0.7.

The mass flow rate of the air through each annulus
was varied by changing the cross sectional area of the
inlet section of the blower, by regulating the butterfly
valve. The atmospheric pressure was measured to the
nearest 0.01" of Hg at the beginning of each individual
test run with a barometer. The air temperature variation
(Rothfus 21) between the entrance and the exit of the ann-
ular space is of the order of 1° F, and consequently, the
air temperature throughout the annular space was assumed
constant. A mercury thermometer was employed to record
the room air temperature.

Velocity pressures at each location were indicated
by the micromanometer which measured the difference
between the total pressure incident on the impact tube
and the static pressure on the outer tube wall at the
point corresponding to the impact tube position. The
sensitivity of the manometer was 0.001" water gauge.

The zero position of the pitot tube was selected as

being the point where it initially came into contact

16
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with the inner surface of the outer wall. Contact of
the pitot tube with the tube wall was judged using a
magnifying glass and velocity traverses were always

made in the direction of decreasing radius. In order

to obtain a complete velocity profile, point velocities
were measured at seven to eleven different positions

in the annular space for each test section, depending
upon the size of the gap. Velocity traverses were made
for each test section until two successive velocity
profiles completely overlapped. This indicated the
length required for fully developed flow. Data were
obtained over as large a Reynolds number range as poss-
ible, the upper limit of this range being established by
the blower <capacity, and the lower limit being deter-
mined by the response of the micromanometer. The Rey-
nolds number ranged from approximately 4,000 to 70,000.
The test runs used in the determination of the settling
length are summarized in Table- 2 (See appendix A). The
fluctuations in the micromanometer readings became very
predominant at high mass flow rates and limited the
upper end of the working range of Reynolds number. These
fluctuations were probably due to the pulsating action
of the fan, and the low frequency turbulence in the flow,
the magnitude of which increased at high Reynolds number.
It was noticed that the fluctuations increased for the

measurements taken away from the wall. This was to be

17
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expected since the local velocity increased considerably
towards the centre of the annular gap. Entrance effects
were apparent in the velocity measurements made at the

test sections close to the annulus inlet. Severe fluctuat-
ions were noted near the entrance but these seemed to

be damped out downstrean.

The average velocity was determined by integrating
the velocity profile. The mass flow and the correspond-
ing Reynolds number were then calculated using this
average velocity.

The friction factor data were obtained for three
sizes of annuli by taking static pressure readings in
the fully developed flow region, and details of test
runs concerning friction factor data are tabulated in

Table-3 (See appendix A).

18
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CHAPTLER 5

DATA PROCLSSING

The experimental data were processed by an IBM
1620 Computer. The density of air was determined fron
a knowledge of the air temperature and barometric
pressure. The input to the computer consisted of air
temperature, barometric pressure, corresponding density
of water, kinematic viscosity of air and local dynamic
pressure readings. The computer printed the point
velocities throughout the cross-section. Further, the

ratio of u

umax

was obtained corresponding to the ratio

r-=rj,
t27f
Using the statistical method of linear regression
the computer located the lines of best fit below and
above the critical Reynolds number of 22,000. In both
cases the settling length was a function of Reynolds

number and diameter ratio. The regression lines were of

the form:-

D
1
Log (Le/De ) = log a + m log Re + n log
D,

where a, m and n are constants,

Correlation coefficients in both cases indicated

19
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the "goodness of fit" of the regression lines.
The friction factors were obtained for each
Reynolds number and diameter ratio by using the measured

static pressure readings.

20
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CHAPTER 6

RESULTS AND DISCUSSION

- Figures 2. to 15 show the results of the present
investigation. Figures 2, 3, 4 and 5 illustrate the
development of the velocity profiles along the annulus.
The ordinate u/U .. represents the non-dimensional ratio
of the axial point velocity to the fully developed max-
imum velocity, while the abscissa (r - rl)/(r2 -ry) rep-
resents the location of the velocity measurement in the
form of a fraction of the total annular space. The vel-
ocity traverse data made at various test sections along
the annulus for the same test run are plotted such that
the velocity distribution profiles superimposed on one
another. By inspection of the figures, it is seen that
for any duct diameter ratio and Reynolds number, the flow
undergoes a velocity development during its course of
flow through a certain initial length of the annulus.
Beyond this initial length, the velocity profile achieves
a fully developed shape which does not change with further
increase in downstream distances. This position where
two consecutive velocity profiles cuincide with each
other gives the reasure of entrance length. Obviously,
the ratio u/U,,, approaches unity for fully developed

flow. The velocity profile is flat in the middle with
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a steep velocity gradient at the sides as the result

of high shear stress at the wall near the entrance sect-
ion and it gradually attains a parabolic shape skewed
towards the core as the flow develops downstream.

" The development of the maximum velocity corresp-
onding to different Reynolds numbers for each annulus is
shown in figures 6, 7, 8 and 9. The non-dimensional ratio
umax/Umax’ which represents the maximum axial velocity
at a test section in the developing flow region, as a
fraction of fully developed maximum velocity for the
same test run, is plotted against settling length exp-
ressed in terms of equivalent diameter. The flow grad-
ually develops as the ratio umax/Umax approaches unity
along the length of the annulus. The Reynolds number
is based on the equivalent diameter De, and an average
velocity which is obtained by integrating the individual
fully developed velocity profiles. The different curves
obtained for the same annulus illustrate the effect of
varying Reynolds number on the velocity development. It
is apparent that the length required for the formation
of a fully developed velocity profile increased with an
increase in Reynolds number for the same annulus. How-
ever, the curves for higher Reynolds number seem to
merge into each other indicating that the settling length
tends to become independent of Reynolds number in this

region.
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Figure 10 shows a family of curves obtained by
plotting settling length versus Reynolds number for
annuli having different diameter ratios. It gives a
more complete picture of the entire data and is the
combination of previous curves.

Figures 10 and 11 are essentially the same except
that logarithmic scales are used in the latter case. It
is noticed from this fiqgure that there appears to be a
definite correlation between settling length, equivalent
diameter, Reynolds number and diameter ratio. The higher
the diameter ratio the lower is the length required for
the development of the velocity profile. This is sim-
ilar to Sparrow's (27 ) predictions for developing
laminar flow in an annulus.

The Reynolds number has a varied influence on the
settling length. Two distinct regions can be seen, above
and below the transition Reynolds number of about 22,000.
Below this Reynolds number the settling length has a
marked dependence on Reynolds number. Above a Reynolds
number of 22,000, the influence of Reynolds number is
greatly reduced and the settling length is seen to
depend mainly on diameter ratio. An explanation of the
shape of the settling length versus Reynolds number
curves can be obtained by considering the development
of the boundary layer. The thickness of the boundary

layer is assumed to be of the form
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1/m
lRe

which is similar to the expression for the boundary
layer on a flat plate.
The boundary layer thickness at a distance x can

be expressed as follows:

81 = k__i___ X (9)
(Rel\l/m

where k and m are constants, and S‘is the boundary
layer thickness corresponding to the Reynolds number Rel_

Now if the Reynolds number is increased to Reys

and 62 represents the new boundary layer thickness then,

§,=x_t .x (10)
1/m
R T
( ez\
or
_1/m
R Y
d, _)Re2 (11)
§ R
1 el
Re2
Assigning different values to the ratio the
R
€1
corresponding values of _i can be obtained and finally,

§1

the percentage reduction in boundary layer thickness can

be calculated.

24
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A few calculated values of percentage reduction in
boundary layer thickness for corresponding increases
in Reynolds number assuming a value of m equal to 10,
are tabulated in Table 4 -~ (See Appendix - A) for
illustration purposes.

A curve plotted between percentage decrease in
Re

——, shown in
Rel

boundary layer thickness and the ratio

figure 15, has a rising trend in the beginning but soon
flattens out with further increase in Reynolds numbers
ratio. The proportional reduction in boundary layer
thickness becomes smaller as higher values of Reynolds
number are attained. This appears to be the reason why
Reynolds numbers of over 22,000 have a relatively
smaller effect on settling length.

It is also noticed from figure 11 that the three
lines corresponding to diameter ratios of 0.2, 0.3 and
0.5 show a similar trend while the last, corresponding
to 0.7 deviates somewhat. It appears this may be due
to the inclusion of the point for a low Reynolds number
of 4,620, which may still be in the transition range.
The other reason may be the lack of information very
near to the entrance, which was due to the rather short
settling length in this case. Additional test sections
closer to the entrance were not feasible because of the

increasing fluctuations in the flow due to disturbances

1 34565
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caused by the sharp edged entrance.

Figure 12 shows the correlation obtained, using
the statistical method of linear regression for the
region Re<22,000. The correlation coefficient of
.9908 indicates the "goodness of fit" and the equation
of the best line is

Le/De =0.795 (Re)?+373(p, /p,) ~0-6 (12)
The reason for the scatter in the first point correspond-
ing to a Reynolds number of 4,620 for an annulus of
diameter ratio 0.7, is the same as that offered in the
preceding paragraph. A few extra points corresponding
to Reynolds numbers somewhat higher than 22,000 are also
included in the graph, and they appear as scatter.

The relation obtained for Re » 22,000, from the
experimental data drawn in figurelé; is:

Le/De = 15.96 (Re)0:077(p, /p,)=0.624 (13)

Two extrapolated points corresponding to a Rey-
nolds number of 50,000 for annuli having diameter ratios
0.5 and 0.7 are also shown in the above figure. These
points are identified by a subscript e. The correlation
coefficient obtained for this case is 0.987.

The power of (D;/D,) in the two correlations
obtained, indicate that the effect of diameter ratio is
almost the same in both cases. It would therefore seem
intuitive that the power of the diameter ratio (D;/D,),
should remain the same throughout the whole Reynolds

26
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number range, and if an average power of 0.61 is chosen
then both correlations can be shown on one graph. This
is shown in figure 14.

At diameter ratios close to 1, the annulus tends
to approach the case of flow between parallel planes.

The results indicate that a length of about 40-45 equiv-
alent diameters is needed for the formation of the fully
developed velocity distribution in the case of an annulus
having a diameter ratio of 0.7. This figure appears to

be somewhat lower than the 50 equivalent diameters gen-
erally quoted as the entrance length for turbulent flow

of air between parallel planes. Probably, this is because
the highest Reynolds number tested on this annulus was
limited to about 24,000.

In their recent study of developing laminar flow
in the entrance region of annular ducts, Sparrow and Lin
( 27 ) concluded that the flow development in annular
ducts with radius ratios substantially less than unity
is quite similar to that in parallel plate channels
(rl/rz — 1). On the other hand, the results for an
annular duct with diameter ratio as small as ,001 depart
significantly from those for a circular tube (rl/rz" 0).

The results of the present investigation for
turbulent flow in the entrance region indicate a sim-
ilarity to Sparrow and Lin's conclusions for laminar

flow. It may be noted that for an annulus of diameter
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ratio of 0.2, a length of 100 equivalent diameters is
required for the formation of fully developed flow. This
differs significantly from that of the generally accepted
figure of about 50 equivalent diameters ( 7 ) for the
tube.

Presented in figure 15, are the friction factor
data obtained for three different annuli having diameter
ratios of 0.3, 0.333, and 0.5. The friction factors

show good agreement with Davis' results given by equat-
0.1
-0.2 y

ion £ = 0.055 Re , but are found to be

about 10% higher than those obtained from the relation

f = 0.076 Re” 0°25, which is the average of a number of

experimental results.

Critical Comparison of Settling Length used
by Previous Investigators
For investigations concerned with the structure

of fully developed flow, the test section must be loc-
ated beyond the settling length required for the prev-
ailing Reynolds number and geometry, to ensure that
fully developed flow exists. Due to the lack of spec-
ific data on settling length in annuli, most past invest-
igators have more or less used judgement in the location
of their test section. They seem to have used a fixed
entrance length irrespective of the diameter ratios of
the annuli and the range of Reynolds number tested.

28
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Rothfus ( 21 ) located his test section at approximately
20 feet downstream from the inlet of the annulus during
his entire investigation in which he tested two annuli
with diameter ratios of 0.162 and 0.65. This length
corresponds to 93 and 223 equivalent diameters respect-
ively. The Reynolds number range covered was 1,000 to
21,000. The results of the present investigation ind-
icate that for a Reynolds number of 21,000, a settling
length of approximately 100 equivalent diameters is
necessary for the annulus of diameter ratio 0.162, which
is fairly close to the figure of 93 equivalent diameters
actually used. For the annulus having a diameter ratio
of 0.65, the settling length provided was more than
adequate.

Okiishi and Serovy ( 19 ) used an entrance length
of 197 inches in their work, and the dimensions of the
test annuli and Reynolds number covered are shown in
Table 5 (See Appendix A). Computations based on the two
correlations obtained in the present study show that the
settling length used in their investigation for annuli
having diameter ratios of 0.531 and 0.781, was adequate
for fully developed flow. However, a length of 75
equivalent diameters is needed for the annulus of
diameter ratio 0.344, and this is slightly more than
the figure of 68 used by ther.

Brighton and Jones( 4 ) found the entrance

29
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length for their outer pipe alone, and then used the
same entrance length for the various annuli combinations
using this outer pipe. They argued that "if the flow
was fully developed for a pipe alone for a fixed value
of Uo (The maximum time average velocity), it would be
fully developed with a centre pipe in place for the same
Uo." This appears to be reasonable since the equivalent
diameter would be smaller when a centre pipe is inserted
and as such the inlet length allowed expressed in terms
of the equivalent diameters would be greater. Also the
correspondihg Reynolds number would be less than in the
case of the outer pipe alone and thus would require a
relatively shorter settling length.

To ensure a fully developed flow at the measuring
station of the apparatus used by Brighton and Jones (4 ),
the inside surface of the outer pipe was artificially
roughened by bonding sand grains to the wall of the
tube for a length of 3 feet from the inlet. Also a
screen of concentric circular (1/32 inch diameter) wire
rings was placed at the inlet of the test channel in
order to support the inner pipe and to assist in prod-
ucing an artificially thickened boundary layer. He
emphasized that fully developed flow was obtained in an
entrance length of 34.5 diameters only with the aid of
the inlet roughness elements and screen and without
these, the required inlet length was much greater. This

30

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



is surprising in view of the data of Rothfus ( 22 ) for
"low" and "high" turbulence. Neither the turbulence
level, nor the Reynolds number (at least for 5,000 <Re
45,000) had much effect away frorm the entrance. Hart

and Lawther (Discussion of 4) found that sand-roughening
the pipe wall at the inlet had no effect on the develop-
ment length and screens were similarly ineffective. This
can be explained as follows by the work of Barbin & Jones
(1 ). Early in the developing flow there is a defic-
iency in turbulent energy production in the wall layers,
and this leads to an acceleration of the core region

past its fully developed value. The later stages of
development therefore depend on radial transfer of
momentum towards the wall regions to restore equilibrium,
and will not be materially affected by the production of
excess turbulent energy near the entrance, since this
energy is dissipated in maintaining a higher shearing
rate near the wall. A screen increases turbulence, but
the scale is small and the energy is rapidly dissipated.

A honeycomb may be more effective.
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CHAPTER 7

CONCLUSIONS
Based on the results of the present investigation
the following conclusions were made:

(a) For annuli of similar geometry to those
tested, it was found that settling length
could be expressed as a function of Rey-
nolds number, diameter ratio and equiv-
alent diameter.

(i) Settling length increased with an
increase in Reynolds number and a
decrease in diameter ratio for
turbulent flow.

(ii) Two distinct settling length regions
above and below a Reynolds number of
22,000 were observed.
(iii) For Re < 22,000, the Reynolds number
had a marked influence on settling
length and the relation obtained was;

Le/De = 0.795 (Re)?*37%(0,/p,)70:®
(iv) In the region of Re> 22,000, the

settling length was only slightly
affected by Reynolds number. The

following relation fitted the data:
Le/De = 15.96 (Re)0‘077(D1/D2)-0.624
32
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(v) For an annulus the influence cf
diameter ratio on settling length
was almost the same throughout the
entire range of Reynolds numbers
tested.

(b) For annuli having diameter ratios close
to unity the results approached those
for flow between parallel plates. On
the other hand for annuli of diameter
ratios close to zero, the results dev-
iated significantly from those for pipe
flow. This was similar to Sparrow's
predictions for laminar flow in annular
ducts.

(c) Friction factor data agreed closely with
Davis' results, but were about 10% higher
than the values calculated from the

~0.25

equation £ = 0.075 Re ,the average

of most experimental results.
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RECOMMENDATIONS FOR FUTURE WORK

It is recommended that the following investigations
be undertaken to expand the research programme described
herein. All the recommended investigations should be
carried out With the present apparatus provided the
suggested modifications to the equipment are made.

1. The Reynolds number range covered in the
present study should be extended. ilore data
should be collected for Reynolds number greatef
than 100,000 and less than 10,000 for all the
radius ratios available. A blower with a higher
capacity should be installed to meet the larger
mass flow rates required at the higher Reynolds
numbers.

2. A surge tank should be included to reduce the
distrubances in the flow encountered at high
Reynolds number.

3. The effect of entrance shape on the velocity
profile development should be studied in det-
ail; the present annulus inlet section could
be modified to satisfy the desired entrance
conditions.

4. Annuli having diameter ratios in the vicinity
of 0.8 or greater if possible, as well as in
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the vicinity of 0.01 should be studied to
simulate more clearly the flat duct and pipe
cases.

5. The present study should be duplicated at a
constant diameter ratio but at varying pipe
and core dimensions.

6. The effect of pipe wall roughening, and screens,

on inlet length should be studied in detail.
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FIG. 2 DEVELOPMENT OF NON DIMENSIONAL VELOCITY PROFILE FOR
ANNULUS 1 AT Re =11,700
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FIG. 3 DEVELOPMENT OF NON DIMENSIONAL VELOCITY PROFILE FOR
ANNULUS 2, AT Re = 30,400
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APPENDIX A

TABIE 1. Location of Test Sections From the Entrance

Test Section Distance Fram
Entrance, Inches
1 16
1 25
2 34
3 58
4 82
4’ | 94
5 106
6 130
7 154
8 178
9 202
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TABLE 4. Variation in Boundary Layer Thickness with

Increase in Reynolds Number

For m = 10

Rej/ Rej ‘é/&l % Reduction in
boundary layer
thickness

1 1 --

2 0.932 6.8

4 0.872 12.8

8 0.815 18.5

16 0.757 24.3

32 0.707 29.3
42
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APPENDIX B

Photograph A

The Annulus

Photograph B

Impact Tube Traversing Mechanism
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