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Abstract - In the process of design optimization, computational fluid dynamics was used in the present
work to better understand the effects of the Reynolds number on the accuracy of a typical turbine flow
meter. The complex three-dimensional unsteady flow field in a one-stage turbine gas flow meter was studied
by carrying out numerical simulations using the Navier-Stokes equations solver Fluent. The simulation of
all the viscous effects as well as secondary flows, such as the flow in the tip gap and secondary and tertiary
vortices in the blade to blade region required very high grid resolution but, was necessary in order to capture
the intricate features present in the flow field due to the Reynolds number variation. The results of three-
dimensional numerical simulations with realistic geometry, including even small geometric features found in

the production-type meter were obtained.

I. INTRODUCTION

Due to the circumstances given by today’s
growing energy consumption throughout the world
and the opening of gas markets, the transportation
and measurement of natural gas becomes more and
more important. From an economical point of view
of the customer and the vendor, the volume of sales
of gas has to be measured as accurately as possible.
With respect to that, the requirements imposed
on the measuring systems are very high. One Aow
meter that fulfills all the given requirements and
is capable of measuring very accurately even un-
der high pressures in field use is the turbine flow
meter.

In the past, most of the investigations of turbine
flow meters were done analytically and experimen-
tally. Several authors focused on the development
of an equation of motion of the meter by relat-
ing the driving torques of the fluid to the friction
torques due to friction of the fluid on the hub, in
the tip gap or in the bearing [1, 6, 8]. Many inves-
tigations P, 8, 9] studied the effect of pulsations or
profile deformations on the accuracy of the meter.
In the last two decades the self-correcting and self-
proving gas turbine meters have been subject of
intensive research. One working principle is based
on the coupling of two rotors. A sensor rotor small
distance downstream from the main rotor senses
and responds to changes in the exit angle of the
fluid leaving the main rotor (2, 5, 6, 7).

In more recent work the flow in a two-stage meter
was investigated numerically by the present au-

thors [4] using a two-dimensional cascade model
consisting of both stages in order to reduce the
computational time of the unsteady simulations. A
DFT analysis of the unsteady behavior of the blade
forces [4] confirmed the experimentally determined
trends. Strong stator/rotor interactions, yielding
a high variation of the unsteady blade forces in the
second rotor were found, leading to modifications
in the basic turbine flow meter design.

The goal of the present investigation was to in-
vestigate the sources of inaccuracies in the flow
measurement at low volumetric flow rates. To this
end, the influence of the Reynolds number was par-
ticularly considered. The work was carried out in
several steps. First, an iterative procedure to min-
imize the moment about the rotational axis was
implemented on a relatively fine grid to find the
moment free speed of rotation. This optimiza-
tion of the rotational speed was undertaken for
all the flow cases, being the maximum volumetric
fHlow (Qmﬂm), the flow rates @ = 0.1 Qumax and
Q = 0.25:Qumaz at the operating pressure of 1 bar
and Q = 0.1 Qmax at 10 bar. The simulations
were executed using air as the metered gas. In or-
der to study the effect of the changing Reynolds
number, the case of @ = 0.25 - Qmax Was com-
puted for air at 10 bar inflow static gauge pressure.
The corresponding computational grid used in the
present work had approximately 1.2- 10% cells. Sub-
sequently, once the proper operating condition was
determined, the flow field within the flow meter
was investigated numerically. The resulting devia-
tion from a linear behavior was finally studied.
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Figure 1: Cutaway drawing of the Elster TRZ
DNB8O turbine flow meter

II. PRESENT APPROACH

1.1 Choice of numerical tools.

Figure 1 shows a cutaway drawing of the tur-
bine flow meter TRZ DN 80, manufactured by the
Elster GmbH, that has been investigated in the
present work. In order to make the flow simula-
tion feasible, a few simplifying assumptions had
to be made. In the original meter, there were 17
blades in the stator (flow conditioner) and 10 in
the rotor. This design minimizes the danger of
resonance, but requires the simulation of the entire
meter, since the flow is periodic with respect to 27.
The present authors therefore assumed 20 blades
in the stator and 10 blades in the rotor, employ-
ing the so called Reduced Blade Count approach.,
The flow field could now be treated as periodic in
a segment consisting of 2 stator blades and one
rotor blade. A view of the entire configuration is
offered in Fig. 2, with the corresponding compu-
tational domain in the form of the grid displayed
in Fig. 3. The hub of the meter is coloured by the
contours of constant static pressure. The geome-
try of the paticular meter simulated here was kept
as original as possible, including all irregularities
such as steps, dents, gaps and grooves, since these
could affect the flow and, therefore, the accuracy
as well. The computational grid generation
was accomplished using the GRIDGEN program,
since it allowed the combination of structured and
unstructured grids to be combined while being rel-
atively easy to use (for more details, see the next
section).

The flow solver selected for the present work was
the Fluent system in version 6.x. Out of the many
options available in this code, following combina-
tion was chosen:

e Accuracy in space was maintained at 2nd or-
der for all the governing equations.

e Discretization in space was using the segre-
gated scheme, since the flow was entering
the meter at a maximum Mach number of

Figure 2: A view of the entire geometry
assumed in the simulation.

Ma=0.04. It was, therefore, reasonable to as-
sume that no nonlinearities existed in the flow

field.

e The discretization in time was also 2nd order
using an implicit subiteration in pseudotime.
20 iterations were judged sufficient.

e The working medium (air) was assumed to be
an ideal compressible gas.

e The k-¢ realizable turbulence model was used,
employing wall functions where applicable.
On the finer grids, no wall functions where
necessary, since the resolution at the wall was
better than y* = 1.

The flow was assumed to be compressible since lo-
cally (at sharp edges, for example) the flow could
expand to Mach numbers higher than Ma = 0.3.
Only the truly unsteady mode of computation was
considered, with an time accurate stator-rotor in-
terface implemented. Nonreflecting boundary con-
ditions had to be used throughout the computa-
tional domain. The computations were carried
out on a cluster of PC-type workstations using
the Linux OS. The cluster is connected by a high
performance network, making a moderately paral-
lelized computations possible.

1.2 Inflow conditions.

The flow meter selected for the present inves-
tigation had an annular inlet of D = 0.0775 m
diameter. It was rated for maximum volumetric
flow of V' = 250m3/h. In the present simulations,
four cases were considered: they are summarized
in Table 1. The base case was for the maximum
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Figure 3: Surface grid used in the present
simulations

volumetric flow @4, with the mean inflow ve-
locity was wi, = 14.72m/s, the static pressure

p = 1.01325 - 10°Pa and the static temperature
T = 293.15 K. The corresponding Mach number
in the inflow was Ma = 0.04288 and the Reynolds
number based on the diameter of the meter was
Re = 73.6 - 10%. In the case of the smaller vol-
ume flow rates, the mean inflow velocity was re-
duced correspondingly, while the static conditions
remained the same for the first three cases and
were changed to 10 bar for the last case. The other
flow variables were changed accordingly.

The incoming velocity profile was assumed to be
symmetric fully developed turbulent flow accord-
ing to Nikuradse. The profile was obtained by car-
rying out numerical simulation of a corresponding
pipe flow in two dimensions. The incoming tur-
bulence level was set to 5 percent. Pressure inlet
and outlet conditions were used to yield the desired
mass flow rates. This procedure required adjust-
ing the outlet pressure to a proper preset value in
several iteration steps, and was therefore very time
consuming.

1.3 Computational grid.

As pointed out in previously, the emphasis
of the present work was put on detailed analy-
sis of the corresponding flow fields. Therefore, a
two-dimensional configuration was judged insuffi-
cient due to its lack of any secondary and three-
dimensional effects. On the other hand, severe re-
strictions were imposed due to the limited com-
putational resources. The local RAM requirement

had to be kept below 4.0 GB and the computa-
tional times should amount to approximately a
week. On the other hand, the establishment of
the correct mass flow and the optimization of the
operating conditions (see next chapter) required
several computations for each volume flow case.
In view of these problems, a fairly fine grid with
1.2 - 10° cells that was carefully finetuned to the
present application was generated.

A view of the entire grid can be seen in Fig. 3.
There, the hub is shown in red and the rotor and
stator blades are in green. The grid, shown in Fig.
2b had approximately 1,2 - 10° cells, covering all
relevant boundary layers at the hub, the casing
and the blades. The grid, consisting of 51 blocks,
was mostly structured, with the only unstructured
part at the centerline in front of the huband in the
wake of the stator. The flow enters the meter ax-
ially in the positive z-direction (see Fig. 2a and
2b). It passes at first the central body (hub) with
the guide vanes of the first stator, entering then
the rotor. The speed of rotation of the rotor is in-
put, given by the experimental data available for
the corresponding case. As explained above, only
two passages of the stator and of the rotor were
simulated, so that the boundaries between each
segment could be treated as periodic. During the
postprocessing, the results from one passage were
used to reconstruct the flow field in the remaining
passages by copying.

In the circumferential direction, 58 grid points re-
solved the blade to blade plane on the medium
grid. An exponential distribution close to the wall
provided very small distances of the first cells to
the wall so that at least 16 points in direction nor-
mal to the wall were within the boundary layer.
The distance of the center of the first cell from
the nearest wall corresponded to y* between 0.5
and 1.0. This implied that in the Fluent compu-
tations, the k-¢ turbulence model was mostly used
without wall functions. In the radial direction, 52
grid points were distributed over the height of the
blade with exponential distributions close to the
walls. 20 grid points were positioned in the radial
direction in the tip gap between the rotor blades
and the outer casing.

III. DETERMINATION OF SPEED OF ROTATION

During the initial phase of the present work it
was found out that the flow in the rotor clearly in-
dicated that there was a tangential force present,
meaning that either the input rotational velocity
or the throughflow were not correctly matched.
This is possible, since the simulated flow meter is
slightly different from the real one. The tangential
force (lift on the baldes) resulted in a residual mo-
ment about the axis of rotation (x-axis). Clearly,
the resulting flow field was not the actual one, as
in reality the moment is very close to zero. The au-
thors therefore decided to find a rotational speed
that would match the given axial velocity (given
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zero moment in the axial direction.

The rotational speed w could be determined only
iteratively. Before embarking on this endvor, one
should realize that the procedure is very time con-
suming, since the resulting moment is first ob-
tained by integration over the rotor blade surface
and then has to be averaged over a time period
that is much longer than the blade passing peri-

odic time, AT > T, where T' = % and f is the
blade passing frequency.

As the simulation of three-dimensional, unsteady
flows is very time consuming and requires large
amounts of computer memory, the above itera-
tive proccedure was carried out on the coarse grids
only, with a subsequent simulation on the medium
or fine grid. The influence of the local viscous ef-
fects was in this global consideration of secondary
importance.

Assuming that the relationship between the mean
coefficient of moment ¢,, obtained by averaging
¢y in time, defined as:

M, + My
Cm = _l_pr‘;—t;;sc (1)
2 Pref Cref Aref

was linear within a small region close to ¢, = 0,
the rotational speed w;,q: was perturbed by +2%.
In the above equation, M denotes moments due
to viscous (visc) and pressure (pr) forces. The
subscript ref denotes a reference state defined as
the inflow conditions. Ayey is the area of the rotor
blade calculated by the product of chord length
and height of the blade.

The simualtion was run at least 10 blade passing
periods, representing At, and then ¢, was aver-
aged over this time. The timewise history of the to-
tal moment coefficient ¢,,, over one blade is given in
Figure 4 for the maximum volume flow rate Qpnaz
for three different rotational speeds w: reference
value given by the experiments and the two rota-
tional speeds deviated by +2%. It is obvious that
the timewise average value changes depending on
the rotational speed. The simulated relationship
of the resulting averaged coefficient of moment is
shown in Figure 5. As assumed, the relationship
is nearly perfectly linear, making an interpolation
to ¢, = 0 rather easy. Similarly, the correct
operating speed of rotation was determined for all
the other volume flow rates of @ = 0.1 - Qaxz,
Q =0.25 Quaz and Q@ = 0.1 - Qnae at 10 bar.

IV. RESULTS

4.1 Resulting flow field at @ = Qnaz-

The corrected operating conditions were used
to simulate the four volume flow rates. The in-
flow conditions are summarized in Table 1. As
pointed out above, the simulations were performed
on the medium grid with 1.2 million grid cells, as
this grid was considered to be a reasonable com-
promise. The following discussion will concentrate
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Figure 4: History of coefficient of moment c¢,,.

first on the flow details in various regions of the
flow field for the case of Qaz. Obviously, at the
given inflow conditions, the flow will be predomi-
nantly turbulent, and was simulated using the k£ —¢
model in the entire configuration.

The static gauge pressure relative to the inflow
static pressure is shown on the surface of the en-
tire flow meter in Figure 6. As the flow enters the
guide vanes, the cross-sectional area is reduced by
the central body, accelerating the flow as indicated
by the decreasing pressure on the hub of the central
body. A stagnation point develops at the front of
the central body. The unsteady fluctuations of the
static pressure on the walls indicate that there is
some influence of the rotor on the flow in the guide
vanes. The region of stagnation point changes in
size periodically with the rotor passing the stator
vanes. There was no evidence of flow separation on
the hub between the guide vanes, as the pressure
uniformly decreases along its surface in the stream-
wise direction. A closer look at the static pressure
contours on the rotor reveals an increasing stagna-
tion pressure at the leading edge, indicating radial
increase of the relative velocity. The stagnation
pressure decreases in the boundary layers at the
hub and tip. In particular, there is an significant
pressure release at the tip due to the tip gap flow.

The flow field for the baseline configuration has
been described in much more detail in [12]. There,
an interested reader will find also a discussion of
the velocity field and the tip gap flow. Besides,
the secondary flow features in both the rotor and
stator are pointed out and described.

4.2 Operating line for turbulent flow.
The resulting signal given by the total moment
about the x-axis is shown in Fig. 7. It is very
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Figure 5: Mean value ¢, as a function of w for

Qmaz g

smooth, indicating no flow disturbancies upstream
of the rotor. The DFT-analysis has shown that, as
expected, the blade passing frequency was domi-
nating. Similar results were obtained for the other
three flow cases of Q@ = 0.1 Qmaz, @ = 0.25 Qnax
and @ = 0.1 - Qmas at 10 bar. Plotting the de-
pendence of the rotational speed w as a function of

the volumetric flow rate V' results in the graph dis-
played in Fig. 8. At the first look, the curve seems
to be perfectly linear. However, a closer study of
the results reveals differences from the ideal line
showing errors that are of the order of magnitude
of 1%. The deviation of the simulated frequency
from the linear behavior is plotted as an error in
Fig. 9. Comparing the simulated results with
the experimental data as well as operational expe-
rience shows that the error has the correct mag-
nitude but the wrong tendency. It is fairly well
known that at small flow rates the error first rises
due to flow phenomena before it rapidly drops be-
cause of increasing influence of rotational moment
due to mechanical friction. The reason of this fun-
damental disagreement has to be sought in the
character of the flow within the boundary layer.
It has been already stated that the free stream
turbulence in the inflow was 5%. This leads to the
assumption that flow in the stator will relatively
soon transition from laminar to turbulent despite
the favourable pressure gradient at this location.
This conclusion is most certainly correct for the
flow at Q@ = Qmaz, since the Reynolds number was
74103, However, at the much smaller flow rates of
Q = 0.25- Qmaz and, in particular, @ = 0.1 Qmaaz,
the flow will be at least in a significant portion of
the flow field laminar before it transitions to tur-
bulent. It was, therefore, decided to repeat the
simulations of @ = 0.1 Qaz and Q = 0.25 - Qmaz

under the assumption of laminar flow.

Slatic Pressure
1713
1423
B 1132

Figure 6: Static pressure distribution on the
solid surfaces, Q@ = Qmaz-

4.3 Laminar flow simulations.

The laminar flow simulations had to be carried
out assuming that the laminar flow was present in
the entire computational domain, since the simu-
lation program Fluent does not allow partially tur-
bulent flow. The frequency obtained by the same
procedure outlined in Chapter III and is included
in Fig. 8. The deviations from the operating
line are again so small that they can not be dis-
tinguished from this picture. However, including
the laminar results in the error plot in Fig. 9
shows that this time, the error displays the cor-
rect tendency, being in the positive range of val-
ues as the voumetric flow becomes smaller. At
Q = 0.1 - Qmaaz, the flow is suspected to be pre-
dominantly laminar (at least upstream of the ro-
tor), so that the realistic error for this flow rate
would be approximately +1.5%, which is com-
pletely realistic. At @ = 0.25 - Qaz, the sim-
ulated error amounts to be about 3.2%, a value
that is too large for the given meter. Compar-
ing the Reynolds numbers for the two cases, Re =
7.4103 for Q@ = 0.1 - Qaz and Re = 18.510% for
Q@ = 0.25 - Qaz, leads to the conclusion that at
Q = 0.25 - Qnaz rate, the Reynolds number is suf-
ficiently large to cause the flow to transition from
laminar to turbulent well before entering the ro-
tor, meaning that the flow field will be of "mixed”
character, partially laminar and partially turbu-
lent. The authors do not want to suggest that one
should simply ”average” the two error values for
the turbulent and laminar computations, but the
truth will be somewhere between the two extremes
of —=1.5% and +3.2%, again falling into the correct
range of values.
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Figure 8: Operating line for the flow meter
under consideration.

At the higher pressure of 10 bar, the flow will be
certainly turbulent, since the Reynolds number is
of the same magnitude as in the case @ = Qmaz.
Clearly, all the simulations at this higher pressure
were carried out assuming fully turbulent flow.
The resulting error is also included in Fig. 9.
The error curve is in this case much flatter, being
in reasonable agreement with the experimental ob-
servations.

4.4 Differences between laminar and turbulent
flow simulations.

What is the reason for the differences between
the flow fields in general and the resulting devi-
ation from the linear operating behavior in par-
ticular? First indication of the differences is ob-
tained by comparing the signals from the laminar
(Figure 10) and turbulent (Figure 11) computa-
tions. The turbulent signal is again, as in the case
of @ = Qumaz, very smooth and regular, oscillat-
ing with exactly the blade passing frequency. The
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Figure 9: Metering error as a function of the
flow rate.
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Figure 10: Total moment on the rotor blade,
Q = 0.1 Qaz, laminar flow.

laminar signal, in contrast, is very irregular, with
a more or less periodic disturbance at the ”peack”
of the total momentum. The minimum of the ro-
tational moment ocurres in the wake of the stator
blades, so that consequently the maximum value
is reached when the rotor blade is in the middle of
the stator passage. One would not expect a dis-
turbance at this location.

The explanation can be found in Figure 12. Here,
the velocity vectors of the absolute velocity in the
blade-to-blade plain are plotted, superimposed on
the contours of total velocity magnitude. Clearly
visible is the wake behind the guide vanes, shown
in dark blue. Equally visible are the boundary
layers on all the solid surfaces. The flowfield in
the plain perpendicular to the passage channel is
dominated by secondary flow features. The two
secondary vortices rotating in opposite directions
are formed by the turning of the boundary layer
along the hub. They give rise to a stagnation point
on the upper surface - the casing of the meter - in
the middle of ths passage channel. As is the case
with every stagnation point, the pressure increases
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Figure 11: Total moment on the rotor blade,
¢ = 0.1 Qaz, turbulent Aow.

at this location, creating a local adverse pressure
gradient that is affecting the flow in the boundary
layer.

Turbulent boundary layers are inherently more
stable and are more difficult to separate. Laminar
boundary layers are less stable and therefore more
prone to separate than turbulent boundary layers.
In the present case of @ = 0.1 - Qnaz, the flow is
laminar at the location of the midchannel stagna-
tion point and therefore sensitive to the pressure
rise at this position. The adverse pressure gradient
leads to a boundary layer separation upstream of
the rotor. The separated flow formed a wake of low
energy fluid that was convected downstream un-
til impinging on the rotor. The low velocity fluid
in the axial direction altered the velocity triangle
such that the relative incidence angle moved in the
positive direction, thus causing the drop in the to-
tal moment about the x-axis seen in Figure 10. In
all the cases of turbulent boundary layers, the flow
remained attached and the signal displayed no ir-
regularities.

The flow field in the guide vane passage channel
is shown in more intricate detail in [12]; this pub-
lication should be consulted for more information
about the physics of the flow.

V. CONCLUSIONS

In the present study the flow field in the El-
ster TRZ DNB80 turbine flow meter was investi-
gated by three-dimensional numerical simulations
for four different operating conditions. The simu-
lations were carried out using the solver FLUENT
version 6.x. The resulting three-dimensional un-
steady flow fields displayed many detailed features
that made the explanation of several empirically
observed phenomena possible. The novel proce-
dure to determine the moment-free operating con-

I % 8 11151025283

erocily Magniude,

Figure 12: Vectors of the absolute velocity just
downstream of the stator blades, Q = 0.1 - Qs
laminar flow.

ditions worked well and was essential for obtaining
realistic results. The accuracy of the determina-
tion of the operating conditions allowed the com-
putation of the measurement error as a function of
the volumetric flow.

The errors were assumed to be deviations from the
linear behavior of the meter. They were discussed
in some length and were shown to be caused by the
transition of the boundary layer flow from laminar
to turbulent.

It has been demonstrated that at least one possible
reason for the irregularity of output signals in the
laminar case was the secondary flow in the stator.
The secondary vortices formed a stagnation point
on the upper casing which, in turn, caused in the
laminar case a flow separation.

Future work will concentrate on the determination
of the location of the transition in the stator pas-
sage, allowing a mixed simulations with laminar
flow upstream of the transition and turbulent flow
downstream of it.
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Table 1: Summary of inflow parameters.

| low variable | Qmaq

| 0.25 - Qmaz [ 0.1 Qmaz | 0.1 Qmag 10bar |

flow rate 250 m*/h | 62.5 m3/h [ 25 m®/h | 25 m3/h
temperature | 293.15 293.15 293.15 293.15
velocity 14.72 m /s | 3.68 m/s 1.47m/s | 1.47m/s
pressure 1 bar 1 bar 1 bar 10 bar
Re 74 - 103 18.5 - 10° 7.4-103 74 - 103
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