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Abstract: Several types of axisymmetric internal configurations were numerically simulated
in order to investigate the development of turbulent swirling and non-swirling flows along
the axial direction. The governing equations were the Navier-Stokes equations with swirl ve-
locity, requiring the computation of all three velocity components. The turbulence model
used in the present work was the quadratic k- formulation. Applying the above methods,
both swirling and non-swirling flows in a pipe, in a typical Venturi-tube and in an orifice
were simulated and the results were analyzed in detail.
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1. Introduction

Precise values of mass flow rates in through-flow configurations are mostly obtained assuming
fully developed flow. Any deviations from this flow condition can cause significant errors in the
determination of volumetric flow or mass flow. One type of disturbance that is known for its slow
decay and for its significant effect on the flow rate measurement is swirl. Swirl may be generated
by bends, valves and other devices installed in the pipe system. Since the decay of the swirl is a
slow process, the length of the domain influenced by it is quite extensive, about L=100 D, where
D is the inner diameter of the pipe.

Many efforts have been undertaken to investigate the influences of the flow swirl on the flow rate
measurement. In 1961, Lugt [1] generated swirl by means of a vane and obtained a relation be-
tween the non-dimensional swirl parameter and the flow coefficient. A minimum pipe length re-
quired to minimize the flow swirl effects upstream of the metering device had been proposed.

In Ferron's work [2] a quantitative relation between the flow velocity profile and the flow coeffi-
cient deviation was found. Bluschke et al. [3] implemented a flow straightener between the pipe
bend and flow meter in order to effectively reduce the upstream pipe length required for given
uncertainty of the flow rate measurement. Akashi et al. [4] presented a new type of perforated
plate which was capable to obtain fully developed turbulent flow velocity profile within a short
pipe length. Experimental and numerical studies of turbulent swirling pipe flows have been per-
formed by Parchen [5] and Steenbergen et al. [6] resulting in detailed information about the de-
cay rates of swirl in annular pipes. An analytical study of the swirling pipe flow using an approxi-
mate form of the turbulent Navier-Stokes equations was carried out by Reader-Harris [7],[8], pro-
viding surprisingly realistic description of the swirling flow in pipes.

Most investigations employed flow straighteners or extended upstream length of straight pipe to
achieve low levels of disturbance in the metering device. The flow straighteners have, however,
several drawbacks such as measurable pressure loss and partially unrealistic flow profiles.

The aim of the work was to investigate the effects of axisymmetric swirling flow on the volu-
metric flow rate measurement by Venturi tube using numerical simulation. The main purpose
was to improve the accuracy of the flow metering. To this end, the present work intended to pro-
vide a realistic model of swirling flow by implementing a novel eddy viscosity turbulence model
in an axisymmetric computational domain.
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2. Numerical Method

In the very beginning of the present work, it was decided not to use one of the major commercial
products, as they mostly achieve their robustness at a cost of greatly overpredicted turbulence
viscosity. Rather, the authors own simulation program called ACHIEVE, together with newly de-
veloped higher order turbulence model, were to be employed.

The non-dimensional Reynolds-averaged Navier-Stokes equations for axisymmetric compressible
flow in cylindrical coordinate system x, y, 0 can be expressed as:
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where Q was the vector of conservation flow variables (p, pu, pv, pw, €)' . The details of the
above equation including the fluxes F and G can be found in, for example, von Lavante and Yao
[9]. The gradients in the circumferential direction 6 were neglected due to axial symmetry. The
components of the usual stress tensor 6;; were given as:

Ty = Hf,x, (9;5}1‘?‘ - %Eiﬁjv . U) — pu—:rf;
with the mean strain-rate tensor components Sii for axisymmetric flow
_ , i g _ Y
rr—a: "yy_@- hﬁﬁi—a-
. 1 du v . 1w . 1. dw w
v 3Gy e e Tame Swmalg )

In the above equation, the Reynolds stresses have to be modelled by a proper turbulence model.
Many models were available to the authors, but most of them were not capable of correctly pre-
dicting the rate of decay of the swirl over long distance of the pipe. The authors decided to imple-
ment their version of the quadratic k-0 two-equation model as proposed by Sofialidis et al [10].
The point of departure of this model was the Boussinesque approximation
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The turbulent stress p, , defined as p, ~ pk/o , was computed from the strain-rate tensor compo-
nents S;; using following nonlinear relationship
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with the rotation Qij obtained from
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The details of the model as well as all the modelling parameters and constants are given by Yao

[11].

Copyright @ FLOMEKO 2010



15" Flow Measurement Conference (FLOMEKO) October 13-15, 2010 Taipei, Taiwan

The numerical method for solving the resulting axisymmetric Navier-Stokes equations, coupled
with the two turbulence equations, was developed by the authors using modified AUSM-scheme,
as introduced by von Lavante and Yao [9]. In this method, the local Riemann-problem is solved
using pressure-based flux splitting. The modifications improved the performance of the method
for low Mach number flows.

In oder to avoid restrictive stability conditions, appearing in a typical explicit method such as
Runge-Kutta time stepping, the governing N-S equations in weak conservative form were solved
using an implicit method. The computation was carried out in parallel fashion using a cluster of
work stations.

3. Circular Pipe Flow

3.1 Simple Test Case
In order to validate the present numerical method as well as the turbulence model, the simple
flow in a circular pipe of diameter D = 0.1 m was simulated for a pipe length L = 150 D. The

Reynolds number formed with the pipe diameter Re, = pu D/u was assumed to be 10° , with p
the density and u, the bulk velocity. The orthogonal two-dimensional grid consisted of 256 x 64

cells in the axial and radial directions, respectively. The well known velocity profile is shown in
Fig. 1 as compared to experimental data obtained by PIV (left). A detailed view of the velocity
profile close to the wall as a function of the non-dimensional distance from the wall y* can be
seen in right part of figure 1.
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Fig. 1 Comparison of simulated and measured velocity profiles

The agreement between the experimental and theoretical data and the present simulation results is
very good.

3.2. Swirling pipe flow
The axisymmetric swirling flow in a straight pipe was simulated using the same strategy as abo-
ve. All three components of the velocity were solved in the symmetric plane. In terms of the inlet

boundary condition, the circumferential velocity was given to initialize the inlet swirl of the flow.
For a specified swirl intensity w_ (the mean circumferential velocity), the inlet profile of the cir-
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cumferential velocity in the radial direction was obtained using the product of the linear distribu-
tion and the turbulent profile. Using this method, the maximum value of w can be determined as
W« = 1.6 w_, appearing at a position of r = 0.12 R away from the wall. On the pipe axis and at
the wall, the values of w are zero. All other parameters at the inlet were given according to the
fully developed flow profiles in a pipe. Initially, the Reynolds number Rep, = 10° and the tangen-
tial velocity w,, = 0.5 u_ were assumed. The pipe length was again L = 150 D. The turbulent in-

tensity was assumed constant at the inflow location. The velocity profiles can be viewed in Fig.
2.

0.04
E — &+ %=0
0.035F ——=—— x=25D
T - x=50D
r ——— x=75D
003 = x=100D
I ———— x=125D
0.025 - ———e—— x=150D
g i
2 0.02f
0.015
0.01 |
0.005 |
0:\\\I\\\\ll\\ll\\\ll\\\\A
0 0.1 0.2 0.3 0.4 0.5

/D
Fig. 2 Velocity profiles at various locations along the pipe axis x.

At x =25 D, the velocity displays a tendency to move its maximum away from the wall. This is
due to the initially assumed constant distribution of the turbulent intensity, as found analytically
by Reader-Harris [7]. Further downstream, the correct equilibrium was found as a solution to the
governing equation, and the location of the maximum velocity moves to the proper equilibrium
position at the wall. The swirl intensity can be expressed by the non-dimensional swirl number
0 B
S=—— f i dr
R3u2, Jo

The relative swirl number S/S, , in which the local swirl number S(x/D) is divided by its initial
value at x/D = 0, can be seen in Fig. 3 for different Reynolds numbers forw_=0.5u,_.
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Fig. 3 Decay of the relative Swirl number as function of x/D

The rate of decay is clearly a function of the Reynolds number Rep, and of the non-dimensional

distance along the pipe x/D (left). Considering that the friction factor A is a function of the Rey-
nolds number, a new variable (A x/D) can be formed that includes the dependency of S on Re.
The right diagram in Fig. 3 displays this form of relationship, indicating that the resulting swirl
numbers all follow the same curve. Similarly, considering the swirl number for different swirl in-
tensities, the resulting relative swirl number is independent of the swirl intensity, showing the
same rate of decay with the axial coordinate x/D.

4. Venturi Tube

The axisymmetric flow in a Venturi tube was simulated numerically using the above described
scheme. The inlet diameter of the Venturi tube was denoted D,, and the diameter of the Venturi
throat was selected as D = 0.7 D, . The convergent and the divergent angles were 21° and 7° , re-

spectively. An orthogonal computational grid with 256 x 64 cells in the axial and radial direction,
as shown in Fig. 4, was employed. At the inlet, the axial velocity was set according to the fully
developed flow with or without swirl applied previously. The non-reflective boundary conditions
was used at the outlet boundary, as described by Yao [11].
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Fig. 4 Shape and velocity distribution in the Venturi tube, w, = 0.5 u,,

Although the boundary layer thickens in the diffuser, it remains - as predicted - attached. The
swirl intensity w, = 0 was assumed initially, making comparison with the DIN standard 1952
[12] with contraction ratio p = 0.7 possible. As the Reynolds number was varied between 10> and
10° , the exact value of the inflow diameter could be determined from the corresponding Re .
The resulting discharge coefficient Cj, , compared to the empirical values given in DIN 1952 or,
more recently, ISO 5167-4, can be seen in Fig. 5 . The definition of C}, as used presently is
o G
= :
A,/28pp

With Q,, the flow rate, A the throat diameter and Ap the pressure differential. For compressible
flow, the discharge coefficient has to be corrected by the so called expansion number € given as

o w—1 0.h
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with © = p,/p, . The final form of the discharge coefficient was obtained by C, = C’ /e . The ex-

pansion coefficient for different Reynolds numbers and swirl intensities for the case 1 (see be-
low) is given in the right diagram in Fig. 6.

1
@
f_
095
w
O o9
o T
3 —e— ¢
L c,
0.85 C,= C’, /e (computed)
L O C, (DIN 1952)
087..\|\\\\l.\‘\l.\\\l‘\‘.
’ 2.0E+05 4.0E+05 6.0E+05 8.0E+05 1.0E+06

Re,

Fig. 5 Discharge coefficient as a function of Re, Venturi tube, w,, = 0

After the above validation of the present approach, the flow in the Venturi tube with swirl was fi-
nally simulated. Three different swirl (circumferential) velocities were imposed at the inflow:

Case 1: Wlm =n/2 w_, sin(m /D)

Case 2: w2m =41/D w_u(1/D)

Case 3: w3m =n/2 w,, sin(2m /D)

The corresponding velocity distributions are shown in Fig. 6 for the inflow location x=0 and the
throat. The swirl intensities w, were assumed to be 0.087, 0.173, 0.258, and 0.342.
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Fig. 6 Circumferential velocity distribution (left), expansion number (right)

The ratio of the discharge coefficients C, / C, (C, with swirl, Cp, without swirl) and the flow
rate Q_,/ Qp, for the cases 1, 2 and 3 are displayed in Figures 7, 8 and 9. Depending on the radial
distribution and amplitude of the swirl velocity, the discharge coefficient as well as the indicated
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flow rate show significant differences as compared to the case without swirl. The deviation was
found to be up to approximately 3 % for case 2 and maximum swirl intensity for the discharge
coefficient and over 1% for the flow rate. They both strongly depend on the Reynolds number
and the velocity distribution.
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Fig. 7 Discharge coefficient (left) and flow rate (right) for case 1
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Fig. 8 Discharge coefficient (left) and flow rate (right) for case 2
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Fig. 9 Discharge coefficient (left) and flow rate (right) for case 3

6. Conclusion

A numerical algorithm for solving the three dimensional axisymmetric internal turbulent flows
has been developed. Due to the axial symmetry, the finite difference of the flux vectors in the cir-
cumferential direction could be neglected. Much computational time, therefore, was saved and
the efficiency of the numerical simulation was significantly increased without negative influences
on the simulation accuracy. Both swirling and non-swirling axisymmetric axial flows in a
straight pipe were simulated. Very good agreement of the computational and theoretical results of
the velocity profiles as well as pressure distributions had been obtained.

The swirl in the flow field in a typical Venturi tube resulted in a deviation of the discharge coeffi-
cient and the volumetric flow rates that was significant for flow metering purposes.

The decay of the swirl was comparable to the theoretical and experimental results obtained by
other investigators.
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