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Abstract

This paper presents a theoretical study on the influence of swirl on the reattachment length in an abrupt axisymmetric expansion. A
scale analysis of the equations of motion reveals that this reattachment length decreases with increasing swirl. Moreover, it seems to sug-
gest that there may be a singularity in the non-swirling sudden expansion flow, which disappears with increasing swirl beyond a critical
value. This singularity is a possible explanation for the scatter of the data found in the literature at zero swirl. For the swirling flow, an
analytical expression for the reattachment length is derived based on similarities found in experimental data between swirling and non-
swirling flows. This expression shows that the reattachment length is a function of the swirl number and the expansion ratio and, to some
extend, of the reattachment length at zero swirl. It is found that the local swirl number of the detaching streamline SD is a better param-
eter to characterise the reattachment length than the momentum flux averaged swirl number S. The theoretical model is validated based
on values for the reattachment length found in the literature for expansion ratios h = R2/R1 ranging from 1.5 to 2, Reynolds numbers Re

from 10,000 to 100,000 and swirl numbers S from 0 to 1.23. Comparison with experiments shows a good agreement between the model
and experimental data.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Separation of flows in channels with a sudden expansion
are well reported in the literature. The influence of both the
expansion ratio and Reynolds number on the reattachment
length are well documented, both for 2D backward facing
steps (Armaly et al., 1983) and axisymmetric sudden expan-
sions (Back and Roschke, 1972; Zemanick and Dougall,
1970; Morrison et al., 1988; Amano, 1982). Back and Ros-
chke (1972) performed dye studies to observe the influence
of inlet Reynolds number on the reattachment length in an
abrupt axisymmetric expansion with an expansion ratio of
2.6. They found that for high Reynolds numbers the reat-
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tachment length remains more or less constant at 9 step
heights. It is confirmed by other investigators (Zemanick
and Dougall, 1970) that, in the high Reynolds number
regime, the reattachment length expressed in step heights
is independent of both the Reynolds number and the expan-
sion ratio. Values that are found in the literature for the
reattachment point in the high Reynolds number regime
for sudden pipe expansions can vary from 5 to 9 step heights
downstream of the expansion. Eaton and Johnston (1980)
suggest that part of the variation in cases with similar inlet
conditions is due to the oscillation of the reattachment point
because of the dynamic shrinking and growing of the recir-
culation zone. Kuehn (1980) suggests that the variation in
reattachment length was attributed to adverse pressure gra-
dient effects and differences in inlet conditions.

The study of the influence of swirl on the reattachment
length is more limited. In the literature it is well known
that increasing the swirl decreases the reattachment length.
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Nomenclature

A, B, C, D proportionality factors in scale analysis
h expansion ratio, R2/R1

x, y, z cartesian coordinates
C circular channel
r, h, z cylindrical coordinates
PiðjÞ projection of j on i

R radius
Re Reynolds number
S swirl number
SD local swirl number
Swa

1
local swirl number at the detaching streamline

t dimensionless coordinate along the expansion
line

u local mean axial velocity
uD local mean axial velocity at detachment point
uwa

1
local mean axial velocity at the detaching
streamline

ua
zr projection of local mean axial velocity at the

detaching streamline on a (z, r)-plane
U mean axial velocity in the upstream channel
v local mean radial velocity
w local mean tangential velocity
W mean tangential velocity in the upstream chan-

nel
zR reattachment length

Greek symbols

a local swirl angle
d reattachment length in number of step heights,

zR/(R2 � R1)

w streamline
w1 detaching streamline non-swirling flow
wa streamline swirling flow
wa

1 detaching streamline swirling flow
wa

C2
projection of detaching streamline on the down-
stream channel

wa
zr projection of detaching streamline on a (z, r)-

plane
w1,L expansion line non-swirling flow
wa

1;L expansion line swirling flow
W stream-surface non-swirling flow
W1 detaching stream-surface non-swirling flow
Wa stream-surface swirling flow
Wa

1 detaching stream-surface swirling flow
q density

Subscripts

0 without swirl
D refers to the detachment point
R refers to the reattachment point
1 refers to the upstream channel
2 refers to the downstream channel
w values along w
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However, most studies of sudden expansion swirling flows
focus on the entire flow field and the reattachment length
is either not measured or reported upon only qualitatively
(Hallett and Gunther, 1984; Abujelala et al., 1984; Garku-
sha and Kucherenko, 1980). Henceforth few quantitative
data are available on reattachment lengths with varying
swirl. An extensive experimental study is reported by Dellen-
back et al. (1988). They describe axial and tangential velocity
profiles in an abrupt expansion with expansion ratio 1.94. In
their study the Reynolds number is varied from 30,000 to
100,000 and the swirl number from 0 to 1.23. Quantitative
data for the reattachment length with different swirl number
are given and it is found that the reattachment length
decreases with increasing swirl. These results agree with
other researchers (Rhode et al., 1983; Ahmed and Nejad,
1992; Ahmed, 1998). Another detailed study is published
by Wang et al. (2004). They report LDA measurements in
combination with LES simulations of a sudden expansion
of ratio 1.94 in a model dumb combustor. The investigated
swirl numbers are S = 0, 0.33 and 0.43. Detailed mean veloc-
ity fields in three directions are reported from which the reat-
tachment length can be derived directly.
In this paper an analytical expression for the influence of
swirl on the reattachment length in a sudden axisymmetric
expansion is derived. A scale analysis of the equations of
motion shows that this reattachment length decreases with
increasing swirl. First some considerations and definitions
in non-swirling flows in sudden expansions are derived
which serve as a basis for the model for swirling flows.
The validation is based on data of the reattachment length
of swirling flows found in the literature (Dellenback et al.,
1988; Favaloro et al., 1989; Wang et al., 2004; Ahmed and
Nejad, 1992; Nejad and Ahmed, 1992). It is found that for
Reynolds numbers ranging from 10,000 to 100,000 and
expansion ratios from 1.5 to 2, the model gives good pre-
dictions of the reattachment length.

2. Theoretical considerations and definitions

2.1. No swirl

A schematic view of the sudden expansion flow is shown
in Fig. 1. Consider a fully developed non-swirling flow with
a mean velocity U through a circular channel with radius



Fig. 1. Schematic view of the axisymmetric sudden expansion without
swirl. W denotes an axisymmetric ‘stream-surface’ while w denotes a
streamline.

Fig. 2. Schematic view of the axisymmetric sudden expansion with swirl.
W denotes an axisymmetric ‘stream-surface’ while w denotes a streamline.
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R1 (upstream channel). A sudden expansion to a circular
channel with radius R2 (downstream channel) is situated
at z = 0. The expansion ratio is defined as h = R2/R1. Both
the channels are axisymmetric and their axes of symmetry
are coincident with the z-axis in a polar (r,h,z) coordinate
system. Due to the axisymmetry, the flow is 2-dimensional
in the (z, r)-plane. The flow separates and creates a recircu-
lation zone behind the sudden expansion. The flow
detaches at the sudden expansion with coordinates
(R1,h, 0) with �p 6 h 6 p, called the detachment circle.
The flow reattaches to the downstream channel at coordi-
nates (R2,h,zR,0) with �p 6 h 6 p, called the reattachment
circle. Consider now the normalised streamfunction W(r,z)
in polar coordinates defined as

Wðr; zÞ ¼
Z r

0

uðr; zÞr dr
Z R1

0

uðr; zÞr dr
�

: ð1Þ

The projection of the velocity vector in a meridional
(z, r)-plane is directed along the axisymmetric ‘stream-sur-
faces’ W(r,z) = const., and the fluid particle paths are lines
along these surfaces. The stream-surface at the detachment
circle can be written in an implicit form as jW(r,z)j = 1, fur-
ther on called W1. The streamlines at the sudden expansion,
called w1, are 2D curves along W1 as in Fig. 1.
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Fig. 3. The local swirl number Swa
1

as a function of the dimensionless z-
coordinate of wa

1. Data from Dellenback (1986). h: S = 0.6, Re = 30,000;
4: S = 0.74, Re = 100,000; x: S = 0.98, Re = 30,000; �: S = 1.16,
Re = 60,000; s: S = 1.23, Re = 100,000. Data from Wang et al. (2004). m:
S = 0.33, Re = 10,000; j: S = 0.43, Re = 20,000.
2.2. Swirling flow

In the case of swirling flows, the dynamics of the flow
can be very different and the mean (turbulence averaged)
swirling flow in a sudden expansion may not necessarily
be time independent. At certain swirl numbers, a large
coherent structure is present with an oscillating character
Gupta et al. (1984). This structure is referred to as the ‘Pre-
cessing Vortex Core’ or PVC. An extensive overview of the
studies regarding the PVC is given by Syred (2006). When
these periodic fluctuations are time averaged, the mean
flow field becomes axisymmetric and the streamfunction
is still given by Eq. (1). Fig. 2 shows a schematic view of
the sudden expansion flow with swirl. The stream-surface
at the detachment point in the swirling flow is given by
jWa(r,z)j = 1, further on called Wa

1. The flow detaches at
the sudden expansion with coordinates (R1,h, 0) with
�p 6 h 6 p and the flow reattaches to the downstream
channel at coordinates (R2,h,zR) with �p 6 h 6 p, where
zR is the reattachment length. In contrast with a non-swirl-
ing flow, the streamline wa

1 is no longer a 2D curve due to
the tangential velocity component and is therefore a func-
tion of the rotational angle h. The streamline wa

1 is a spiral
along Wa

1. Let us now define 2 projections of wa
1. The first

one is the projection along the h-direction in a (z, r)-plane
called wa

zr ¼ Pzrðwa
1Þ and the second one is the projection

along the radial direction on the outer cylinder called
wa

C2
¼ PC2

ðwa
1Þ, where C2 is a surface representing channel

2.
The local swirl number SWa

1
along a streamline of detach-

ment wa
1 is defined as

SWa
1
¼

wwa
1

uwa
1

; ð2Þ

where wwa
1

and uwa
1

are the time mean tangential and axial
velocities along wa

1. The local swirl angle a is defined as
arctanðwwa

1
=uwa

1
Þ. The curves of SWa

1
as a function of the

dimensionless z-coordinate along Wa
1 are shown in Fig. 3.

These values are obtained from the quantitative experimen-
tal data of Dellenback (1986) and Wang et al. (2004). The
reported velocity measurements have an accuracy of 3%
relative error and their position has a relative error of 1%
in the experiment of Dellenback. The relative error of Wa,
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given by Eq. (1), is estimated to be 4% and the relative er-
ror of the position of Wa

1 is 4%. Based on these errors the
relative error of the local swirl number SWa

1
is 7%. From

the number of samples collected by Wang et al. the relative
error of the velocity measurements is estimated to be max-
imum 1% in a 99% confidence interval. The relative error of
W and its position is estimated to be 3%. Based on these er-
rors the relative error of the local swirl number is 6%. The
error bars in Fig. 3 are not shown in order to not overload
the figure. Data are only available for zwa

1
=zR P 0:2. The

experimental data show that Swa
1

remains constant for
zwa

1
=zR 6 0:6 and starts to increase rapidly further along

the streamline because limr!R2
uwa

1
ðrÞ goes faster to zero

than limr!R2
wwa

1
ðrÞ. In the reattachment point the ratio is

undefined. The local swirl number at the detachment point
SD is estimated as the constant value in the beginning of
the curves in Fig. 3.

2.3. Scale analysis

The steady state equations of continuity and motion in
the z- and r-direction for an axisymmetric inviscid fluid
are written as

ou
oz
þ ov

or
þ v

r
¼ 0; ð3Þ

v
ou
or
þ u

ou
oz
þ 1

q
op
oz
¼ 0; ð4Þ

v
ov
or
þ u

ov
oz
� w2

r
þ 1

q
op
or
¼ 0: ð5Þ

Consider now the expansion line wa
zr;L as shown in Fig. 2

and define the coordinates along this line as
r = (R2 � R1)t + R1 and z = zRt, where 0 6 t 6 1. The
boundary conditions for the expansion line are u(0) = uD,
u(1) = 0, v(0) = v(1) = 0. Substituting r and z in Eqs. (3)–
(5) results in

1

zR

ou
ot
þ 1

R2 � R1

ov
ot
þ v
ðR2 � R1Þt þ R1

¼ 0; ð6Þ

1

R2 � R1

v
ou
ot
þ 1

zR

u
ou
ot
þ 1

zR

1

q
op
ot
¼ 0; ð7Þ

1

R2 � R1

v
ov
ot
þ 1

zR

u
ov
ot
� w2

ðR2 � R1Þt þ R1

þ 1

R2 � R1

1

q
op
ot
¼ 0: ð8Þ

Integrating the continuity equation (Eq. (6)) from t = 0
to 1 and taken into account the boundary conditions andZ 1

0

ov=ot dt ¼ vð1Þ � vð0Þ ¼ 0; ð9Þ
Z 1

0

v
ðR2 � R1Þt þ R1

dt

� A�v
Z 1

0

1

ðR2 � R1Þt þ R1

dt

¼ A�v
lnðR2=R1Þ
ðR2 � R1Þ

; ð10Þ
with A a proportionality factor, results in

�uD þ AzR

lnðR2=R1Þ
R2 � R1

�v � 0: ð11Þ

The continuity equation therefore gives a scale for the
mean radial velocity �v as

�v � 1

A
R2 � R1

lnðR2=R1Þ
uD

zR

: ð12Þ

Integrating the momentum equation in the z-direction
(Eq. (7)) results in

�B
zR

R2 � R1

�vuD �
1

2
u2

D þ
Dp
q
� 0; ð13Þ

where B is a proportionality factor. By substituting the
scale of �v, given by Eq. (12), into the above expression,
one finds a scale for the pressure difference across the
expansion line as

Dp � C
lnðR2=R1Þ

þ 1

2

� �
qu2

D; ð14Þ

where C = B/A. Integrating the momentum equation in the
r-direction (Eq. (8)) results in

B
�vuD

zR

þ 1

R2 � R1

Dp
q
�
Z 1

0

w2

ðR2 � R1Þt þ R1

dt: ð15Þ

Substituting the scale for �v (Eq. (12)) and Dp (Eq. (14))
into the above expression and approximating the right-
hand side asZ 1

0

w2

ðR2 � R1Þt þ R1

dt � D�w2 lnðR2=R1Þ
R2 � R1

; ð16Þ

results in

C
lnðR2=R1Þ

R2 � R1

zR

� �2

u2
D þ

C
lnðR2=R1Þ

þ 1

2

� �
u2

D

� D�w2 lnðR2=R1Þ: ð17Þ

Rewriting this equation results in

zR

R2 � R1

� D
C

ln2ðR2=R1Þ
�w2

u2
D

� 1þ 1

2C
lnðR2=R1Þ

� �� ��0:5

:

ð18Þ
This means that the reattachment length decreases with
increasing swirl. Moreover, Eq. (18) suggests that there
may exist a singularity in the non-swirling sudden expan-
sion which disappears with increasing swirl beyond a criti-
cal swirl number. This could explain the scatter in
reattachment lengths found in the literature for non-swirl-
ing sudden expansions (Back and Roschke, 1972; Zema-
nick and Dougall, 1970; Morrison et al., 1988; Amano,
1982).

3. Model for the reattachment length

Let us now define a cartesian coordinate system such
that the origin is situated on the central axis, which is coin-



Fig. 4. Expansion line for swirling flow. Only the cross-sections of the
upstream and downstream channel with the (y,z) plane are shown.
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Fig. 5. The normalised axial velocity along the projected streamline wa
zr.

Data from Dellenback (1986). �: S = 0, Re = 100,000; 4: S = 0.6,
Re = 30,000; �: S = 0.98, Re = 30,000; h: S = 1.23, Re = 30,000. Data
from Wang et al. (2004). m: S = 0.33, Re = 10,000; j: S = 0.43,
Re = 20,000. Solid line: 2nd order regression line with R2 = 0.97.
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cident with the z-axis of the coordinate system (Fig. 4). A
randomly chosen detachment point on the edge of the
upstream channel lies on the y-axis with coordinates
(0,R1,0). Define now an expansion line wL, 1 which con-
nects the detachment point with the reattachment point
in a non-swirling flow. The parametric equation for such
a line is

w1;L

x

y

z

0
B@

1
CA ¼

0

R1

0

0
B@

1
CAþ k

0
1ffiffiffiffiffiffiffi
1þd2

0

p

d0ffiffiffiffiffiffiffi
1þd2

0

p

0
BBB@

1
CCCA; ð19Þ
where k 2 [�1,1] and d0 = zR,0/(R2 � R1) is the ratio of
the reattachment length to the height of the sudden expan-
sion. In fact W1,L is a ruled surface with w1,L as the ruler
and the inner edge of the sudden expansion as the base
curve. It is found in the literature that the detachment point
is Reynolds number independent and therefore also w1,L.

The addition of swirl to the upstream channel flow cre-
ates a rotational velocity component superimposed on the
axial and radial velocity components. This swirl compo-
nent rotates the streamline out of the (y,z)-plane by an
angle a ¼ arctan SWa

1
(Fig. 4). It follows from Fig. 3 that

this angle remains constant till zwa
1
=zR 6 0:6. This means

that for zwa
1
=zR 6 0:6wa

1 is a 2D curve and its projection
wa

C2
is a line. Consider now the projection of the velocity

uwa
1

on wa
zr defined as ua

zr ¼ Pwa
zr
ðuwa

1
Þ. Fig. 5 shows the nor-

malised velocity ua
zr/uD plotted against the dimensionless z-

coordinate zwa
zr
=zR. This figure shows that this projection is

invariant to the swirl number. Because of this similarity
between the flow fields at zero and non-zero swirl, as
depicted by Fig. 5, the projection wa

C2
can be approximated

by the projection of wa
1;L on C2, where wa

1;L is a rotation of
w1,L due to the swirl. The equation of wa
1;L therefore

becomes

wa
1;L

x

y

z

0
B@

1
CA ¼

0

R1

0

0
B@

1
CAþ k

sin aD

cos aDffiffiffiffiffiffiffi
1þd2

0

p

d0 cos aDffiffiffiffiffiffiffi
1þd2

0

p

0
BBB@

1
CCCA: ð20Þ

In this approach, w1,L serves as a calibration line for
extrapolation to flows with swirl.

The z-coordinate of the reattachment point can be deter-
mined by solving the intersection between wa

1;L and C2,
which is a surface representing the downstream channel.
The equation for the surface C2 is given by

C2ðx; y; zÞ : x2 þ y2 ¼ R2
2; z P 0: ð21Þ

By substituting Eq. (20) in Eq. (21), an expression for k can
be found:

k ¼ R1

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ d2

0

q

�
� cos aD �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2ð1þ d2

0 sin2 aDÞ � ð1þ d2
0Þ sin2 aD

q
1þ d2

0 sin2 aD

0
@

1
A;
ð22Þ

with h = R2/R1 the expansion ratio. Since the axial coordi-
nate z has to be positive in Eq. (21) the + sign in Eq. (22) is
taken. The reattachment length is equal to zR ¼
kd0 cos aD=

ffiffi
ð

p
1þ d2

0Þ and therefore

zR ¼ R1d0 cosaD

�
�cosaD�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2ð1þ d2

0 sin2 aDÞ� ð1þ d2
0Þ sin2 aD

q
1þ d2

0 sin2 aD

0
@

1
A:
ð23Þ
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Substituting tanaD = SD, cos aD ¼ ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ tan2 aD

p
Þ�1 and

sin aD ¼ tan aD=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ tan2 aD

p
into Eq. (23) gives an analyt-

ical expression for zR as a function of SD,

zR ¼
R1d0

1þ ð1þ d2
0ÞS2

D

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2ð1þ ð1þ d2

0ÞS2
DÞ � ð1þ d2

0ÞS2
D

q
� 1

� �
:

ð24Þ
Eq. (24) can be simplified since 1þ d2

0 � d2
0, which yields

the final expression for the reattachment length with swirl,

zR ¼
R1d0

1þ d2
0S2

D

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðh2 � 1Þd2

0S2
D þ h2

q
� 1

� �
: ð25Þ

Comparison with the scale analysis shows that for high
swirl numbers the reattachment length is inversely propor-
tional to the swirl number or zR � 1/SD.

4. Validation of the model

Validation of the model is based on the measurements of
Dellenback et al. (1988), Wang et al. (2004), Favaloro et al.
(1989) Ahmed and Nejad (1992) and Nejad and Ahmed
(1992). In the literature the most common parameter to
describe swirling flow is the momentum flux averaged swirl
number S, defined as

S ¼
R R1

0 2pqUWr2 dr

R1

R R1

0
2pqU 2r dr

: ð26Þ

This dimensionless swirl number is the ratio of axial flux
of tangential momentum divided by the axial flux of axial
momentum and outer radius. The relation between the
local swirl number SD and S is determined using quantita-
tive data provided by Dellenback (1986) and Wang et al.
(2004). Based on their measured velocity fields the
stream-surfaces Wa are calculated. The values of wa

w1
and

ua
w1

along the detaching streamline wa
1 are calculated using

spline interpolation. The result is shown in Fig. 6. A regres-
sion line of 2nd order is fitted through the experimental
data. Favaloro et al. (1989) reported only reattachment
lengths as a function of the swirl number. Since they use
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Fig. 6. The local swirl number SD as a function of the swirl number S. h,
data from Dellenback (1986); s, data from Wang et al. (2004).
the same type of swirl generator as Wang et al. did, the
local swirl ratio is determined using the curve in Fig. 6.
The measurement errors of the reported experimental data
of Favaloro are in the same order as the ones of Wang et al.
Therefore, the relative error of SD is estimated to be the
same as Wang, namely 6%. Both Ahmed and Nejad
(1992) and Nejad and Ahmed (1992) reported velocity pro-
files at z/(R2 � R1) = 0.38. The local swirl number is esti-
mated based on the reported data and the absolute error
is 0.05.

Table 1 shows the experimental and computed values of
zR/(R2 � R1) of the different researchers. The computed
local swirl number SD is shown between brackets together
with the lower and upper boundaries of the 95% confidence
interval. The lower and upper limit of the predictions of the
model are based on those boundaries of SD. Only Dellen-
back reported measurement errors. The experimentally
measured reattachment length was determined using an
average of 4 to 8 measurements and the accuracy reported
was ±0.5 step height in the non-swirling case and ±0.1 step
height in the swirling cases. The measured reattachment
lengths are smaller than predicted by the model and are sit-
uated near the lower part of the model boundaries. How-
ever, taking into account the accuracy of the measured
values the confidence intervals of the measured and pre-
dicted values overlap in all the swirl cases. The measured
data by Wang et al. (2004) are higher than the predicted
values of the model. There were no accuracies reported
so it is impossible to say wether the confidence intervals
overlap. The measured values of Favaloro et al. (1989)
are situated very close to the lower boundaries of the pre-
dicted values. There were also no measurement errors
reported. However, it is very likely that the confidence
intervals of predicted and measured values overlap.

The reattachment length of Dellenback seems to go to a
constant value for very high swirl numbers. Looking at SD

in Fig. 6 shows that this local swirl number remains more
or less constant for those high swirl numbers. This indi-
cates that the swirl number S is not an all inclusive param-
eter for prediction of the reattachment length. Instead it is
better to use the local swirl ratio SD to characterise the
reattachment length. Studies that confirm this statement
are the numerical study of Wang and Bai (2005) and the
experimental studies of Ahmed and Nejad (1992) and
Nejad and Ahmed (1992). The first one by Wang and Bai
(2005) investigated numerically the swirling flow in a dump
combustor using LES. One aspect of investigation was the
influence of the swirl velocity profile. The axial velocity
profile was kept constant and 3 different swirl profiles were
applied in such way that the swirl number was the same for
all three cases. It was shown that the swirl profile with the
largest swirl velocity near the outer wall of the upstream
channel showed a significantly decrease in reattachment
length (from 3 to 2.25). Because of the higher swirl velocity
near the outer wall, this profile has a larger local swirl num-
ber SD. Unfortunately no profiles were given which made it
impossible to calculate the local swirl number. The second



Table 1
Comparison of the model with data found in the literature

Data h [–] Re [–] S [–] SD
zR

R2�R1
[–] zR

R2�R1
model [–]

A 1.94 30,000 0 0 9.3
0.6 0.54 (0.58) 0.62 2.5 2.52–2.83
0.98 0.72 (0.77) 0.82 1.9 1.96–2.21

60,000 0 0 9.2
0.77 0.63 (0.68*) 0.73 2.2 2.19–2.47
1.16 0.75 (0.81) 0.87 1.8 1.87–2.11

100,000 0 0 9.0
0.74 0.59 (0.63) 0.67 2.2 2.34–2.64
1.23 0.76 (0.82) 0.88 1.8 1.85–2.09

B 2 10,000 0 – 10.3 –
10,000 0.33 0.39 (0.41) 0.43 3.79 3.52–3.81
20,000 0.43 0.41 (0.44) 0.47, 3.57 3.26–3.66

C 1.5 150,000 0 – 8.1 –
0.3 0.33 (0.34*) 0.35 4.3 4.34–4.54
0.5 0.49 (0.51*) 0.53 3.2 3.24–3.41

D 1.5 125,000 0 – 8.25 –
0.3 0.35 (0.4�) 0.45 4.3 3.69–4.41
0.4 0.45 (0.5�) 0.55 3.55 3.16–3.69
0.5 0.55 (0.6�) 0.65 3.38 2.75–3.16

E 1.5 125,000 0 – 8.25 –
0.199 0.45 (0.5�) 0.55 3.55 3.16–3.69
0.205 0.65 (0.7�) 0.75 2.8 2.44–2.75
0.249 0.35 (0.4�) 0.45 4 3.69–4.41

Data A: Dellenback et al. (1988), data B: Wang et al. (2004), data C: Favaloro et al. (1989), data D: Ahmed and Nejad (1992) and data E: Ahmed and
Nejad (1992) and Nejad and Ahmed (1992). * Ratio calculated using curve in Fig. 6, � ratio calculated using the reported velocity profiles at z/
(R2 � R1) = 0.38.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0

2

4

6

8

10

Fig. 7. Predictions of the reattachment length in number of step heights
zR/(R2 � R1) a function of the local swirl number SD compared with the
literature. Solid line: model with d0 from Dellenback et al. (1988), dashed
line: model with d0 from Wang et al. (2004) and dotted line: model with d0

from Favaloro et al. (1989), Nejad and Ahmed (1992), Ahmed and Nejad
(1992); x: data from Wang et al. (2004); �: data from Favaloro et al.
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study is performed by Ahmed and Nejad (1992) and Nejad
and Ahmed (1992). In contrast to the numerical study of
Wang and Bai (2005), their studies are experimental. They
used three different swirl generators, each with a different
swirl inlet profile. The swirl generators that are used are
a ‘Forced vortex’ (FOV), a ‘Free Vortex’ (FRV) and a
‘Constant Angle’ (CA) generator. Table 2 summarises the
results. The local swirl number is estimated based on the
reported velocity profiles at z/(R2 � R1) = 0.38. This table
shows that the local swirl number is a better parameter
to characterise the flow, since there is a monotonic decrease
in reattachment length with increasing local swirl number.
Despite the fact that the swirl number of the FRV is 20%
larger than the FOV, the reattachment length of the FRV
is 36% longer, which is unexpected since the reattachment
length should increase with decreasing swirl. These three
studies show that the swirl number is not an all inclusive
parameter to characterise the reattachment length. The
inlet swirl profile is also an important parameter and the
Table 2
Summary of the experimental results of Ahmed and Nejad (1992) and
Nejad and Ahmed (1992)

Swirl generator FRV CA FOV

S 0.249 0.199 0.205
SD 0.4 0.5 0.7
zR/(R2 � R1) 4 3.55 2.8

FOV, FOrced Vortex swirl generator; FRV, FRee Vortex swirl generator;
CA, Constant Angle swirl generator.

(1989) s: data from Dellenback et al. (1988), m: data from Ahmed and
Nejad (1992), Nejad and Ahmed (1992) in Table 2; 4: data from Ahmed
and Nejad (1992).
local swirl number takes into account this swirl distribution
to a better extend than the swirl number.

Fig. 7 shows the curves of Eq. (25). The solid line repre-
sents the theoretical model based on the expansion ratio
and d0 of Dellenback (1986) the dashed line represents
the model based on the expansion ratio and d0 of Wang
et al. (2004) and the dotted line represents the model based
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on the expansion ratio and d0 of Favaloro et al. (1989). All
three researchers measure a strong decrease of the reattach-
ment length with increasing swirl. At zero swirl the different
researchers found reattachment lengths which can vary
more than 2 step heights. This indicates the strong turbu-
lent nature of the flow and the sensitivity of the reattach-
ment length to parameters such as the inlet velocity
profile and turbulence intensity and the existence of pres-
sure gradients in the upstream flow (Kuehn, 1980; Eaton
and Johnston, 1980). These differences seems to decrease
with increasing swirl which explains the smaller deviation
between the researchers for higher swirl numbers. More
influential than the reattachment length at zero swirl is
the expansion ratio h = R2/R1. The model predicts a lower
decrease of reattachment length with a smaller expansion
ratio. However, no studies in the literature exist to the
authors knowledge which could experimentally or numeri-
cally verify this prediction.

5. Concluding remarks

An analytical expression has been derived to predict the
influence of swirl on the reattachment length in an axisym-
metric sudden expansion. This expression is calibrated with
non-swirl reattachment data and uses the similarity
between swirling and non-swirling flows to account for
the swirl. It is found that the reattachment length depends
on the swirl number S, the expansion ratio R2/R1 and, to
some extend, on the reattachment length at zero swirl. A
better parameter to describe the reattachment length is
the local swirl number SD of the detaching streamline
instead of the swirl number S. The reason is the important
role of the swirl velocity profile on the reattachment length.
The local swirl number takes into account this distribution
better than the momentum flux averaged swirl number and
is hence a better parameter to characterise the reattach-
ment length. The relation between S and SD is based on
selected experimental results. The theoretical model is val-
idated by comparison with experimental measurements
found in the literature for Reynolds numbers ranging from
10,000 to 100,000 and expansion ratios from 1.5 to 2. From
the model it also follows that swirl has a stabilising effect
on the reattachment length which results in smaller devia-
tions in the reattachment length between experimental data
for swirling flows compared to non-swirling flows. This is
confirmed by a scaling analysis which suggests there might
be a singularity for non-swirling flows in the reattachment
length, which disappears when the swirl is increased
beyond a certain critical value. This possible singularity
could explain the deviation in reattachment lengths found
in the literature for non-swirling sudden expansion flows.
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