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Chapter 8 Computational Fluid Dynamic Modelling

It is clear from the preceding presentation of results that the degree of success with which
Dijstelbergen’s “frictionless” equation can be used to correct meter data varies. Results are
particularly unsatisfactory for meter B. It has been suggested that this occurs because of a
lack of flow guidance due to the low blade count for the meter. However, it is difficult to
confirm this explanation without directly examining the pattern of flow through the meter.
The resolution of this issue has provided the stimulus for undertaking a CFD
(computational fluid dynamics) simulation based investigation of flowmeter response. The

present chapter gives an account of the work carried out.

In this chapter, a review of published works dealing with the application of CFD to turbine
flowmeters will be given. An account is then given of the work undertaken towards the
development of a CFD model of unsteady turbine flowmeter response. This includes a
description of the techniques used to generate the computer model for flow in a helically
bladed rotor and of the simplifying assumptions which were made. Next, the simulation

results from the model applied to the geometry of meter B, for which least satisfactory

corrections were obtained, are presented. CFD data are used to predict meter errors under
pulsating flow condition (both over-registration of the mean flow and the pulsation
amplitude attenuation) and the results are compared with experimental measurements and
with the predicted errors derived using the Dijstelbergen equation. Finally, the numerical

data are used to examine the underlying assumptions of the Dijstelbergen equation.

8.1 Literature Review

There appears to be only three published works on the application of CFD to turbine
flowmctcrs: Ferreira (1988), Xu (1992b) and Caffrey et al. (1997). All of the published

models were developed to predict the performance of a turbine flowmeter under steady

flow conditions.

A detailed mathematical model was built by Ferreira (1988) using a software developed for

the analysis of flow in turbomachinery compressors. This model used the “Through-flow
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Analysis” approach developed by Wu (1952) and Marsh (1966) to solve a three-
dimensional geometrical problem by modelling a series of two-dimensional problems.
Ferreira divided the rotor into ten cylindrical blade-to-blade surfaces, and a single hub-to-
shroud surface, about the axis of the meter. The blade-to-blade and hub-to-shroud
solutions were obtained by an iterative procedure, each solution defining the stream
surfaces on which the other was solved. The relative flow through the rotor was assumed
to be steady; the outer shroud was assumed to be rotating together with the rotor; and

there was no leakage through the blade tips. Hub, blade and shroud boundary layers were

calculated but no separation was allowed.

Ferreira used Laser Doppler velocimetry to measure the velocity components in the rotor
blade passages of four different 50 mm 10-bladed turbine meters (two with helical blades
and two with flat blades). The measured velocity components were compared with the
predicted values. In the central region of the blade passage (away from the blade surfaces,
the hub, the shroud, and from the leading and trailing edges) the axial velocity was
predicted to within 5% and the switl velocity within 10%. Predictions of K-factor curves

were not made.

Xu (1992a) used a two-dimensional inviscid flow model (based on the vortex panel
method) to predict the flow behaviour around turbine flowmeter blades. In his model, the

separated leading edge flow and the trailing edge wake were simulated by shed vortices.
The spanwise distribution of flow over a three-dimensional blade was approximated by
interpolating two-dimensional solutions on cylindrical flow surfaces. In this way, the

acrodynamic characteristic of a flowmeter blade could be evaluated for use in meter

performance predictions.

Xu (1992b) further developed his model to obtain the net driving torque on a flowmeter
rotor. He calculated all resisting torques, except for pick-up torque, using published
equations (some of which are shown in Chapter 3) with slight modifications to
accommodate for his model. Xu found that the bearing friction dominated other retarding
torques at small flow rates but that it dropped very quickly as the flow rate was increased.
At the higher flow rates, the blade boundary layer friction was the most dominant retarding
torque, and the friction torques on the hub surface and the end disk were of secondary

importance.
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The model was validated against experimental data for a2 100mm turbine flowmeter

operating in the linear flow range with three different levels of inlet swirls. The predicted
flowmeter K factor accuracy was within 1 % without inlet swirl; and within 3 % for cases

with inlet switl.

Caffrey et al. (1997) carried out a three-dimensional computational investigation into the
effects of viscosity and installation on a turbine meter. They used commercially available
CFD software to simulate different upstream flow conditions. The flow model did not
include any formulation for bearing friction, blade thickness, tip clearance and end wall
boundary layer influence. An iterative method was used to predict the zero net torque
operating condition of the rotor and hence to predict its operating speeds. Results were
presented for fully developed axial inlet flow at two Reynolds numbers and for swirling
inlet flow. The model over-estimated the performance of 4 different rotors (nominal size:

100 mm) to within 5 to 10 % of their measured K-factors for the linear range.

In summary, it is evident from these three studies that, for steady flow, some qualitative
measure of agreement can be obtained between numerical predicton and experiment.

Quantitative agreement, reported to be between 1 % (Xu’s model) and 10 % (Caffrey et
al.’s model) for blade speed, is still well above the level required for calibration purposes.

However, the particular relevance of these results to unsteady flows is questionable as 1t 1s

expected that the flow pattern through the meter blading may be substantially altered by
flow pulsation. Clearly, there is potential for far more extensive regions of
separated/stalled flow to exist in pulsating flow as a consequence of increased flow

incidence on the meter blades.

No papers reporting CFD modelling of turbine flowmeter under pulsating flow conditions

were found.
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8.2 CFD Model Development

The meter to be simulated is meter B (nominal size 12mm), which has a three-bladed rotor.

The blades are helical, of uniform thickness with angle varying from 20° at the hub to 40°
at the tip. The meter has a hub-to-tip ratio of 0.4 and clearance at the tp is 4% of the

blade span. (See Appendix A and Figure 6.1 for a photographic view of the actual rotor).

This section describes the development of the CFD model and is divided into sub-sections
dealing with the model geometry, the governing equations, the computational mesh and

the solution procedure.

8.2.1 Model geometry
A simplified model of the physical flow installation is used: Figures 8.1 and 8.2 show for

comparison the actual meter installation and the modelled installation. A cascade view of

the actual installation 1s shown in Figure 8.3.

Note that the modelled installation is simplified in the following respects:
1. Uniform inlet velocity profile
No flow straighteners
No end-wall boundary layers resolved for calculations (shear free slip condition)
Zero tip clearance
Extended hub section, therefore no hub disc frictton torque

No retarding torque related to the magnetic pick-up

A o

No retarding torque related to the bearing assembly

It was originally intended to include many of these features as progressive refinements to

the model, however, due to limitations on computing resource no feature was eventually

included in the final model.

- 136 -



Chapter 8 — Computational Fluid Dynamic Modelling

fagnetic pick-up

Forward Flow Strajghtener Rear Flow Straightener

- — T S S e "

e
llllllllllllll

‘ |l rm— : E
Y amt e |
g Ball |
| — bearings |
e | ;
Figure 8.1 Schematic drawing of the actual installation of meter B
P
St}
e
A <
m—
<
LT
Py -
g
i
e
et
P o
e
—
SRS
e -«
EAT
Figure 8.2 Schematic drawing of the modelled installation of meter B
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Figure 8.3 Schematic drawing showing the wake patterns generated from the forward flow

straightener on the cylindrical surface at a general radius, r
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Cleatly, the velocity profile entering the rotor section is considerably more complex than

the uniform inlet profile adopted in the model. Firstly, even under the simplest conditions

of steady volume flow we expect a fully developed turbulent profile upstream of the meter

section at Reynolds number range of 3.11x10° (See Table 6.2). This could be
approximated by a power-law distribution. On entering the meter section, some further
distortion of the inflow is expected because of blockage associated with the hub section
and four flow straighteners. There will also be additional distortion of the inflow related to
the development of a boundary layer on the hub surface and the wakes from the flow
straighteners. Now, the running speed of the rotor is closely related to flow incidence; this
will, in turn, relate to the flow distribution over the section. So it seems unlikely that the
blade speed can be computed with a high level of accuracy if an assumption of uniform
inlet velocity is maintained. However, it is not possible to say whether the speed will be

under or over predicted.

When the presence of the flow straighteners is entirely neglected, the assumption that the
flow through all rotor passages behaves similatly is justified. This leads to the considerable

economy that only one passage needs to be modelled. However, since there are four flow

straighteners and three rotor blades, the actual installation does not have true 120°
rotational symmetry (one passage will have two wakes entering whilst the other two will

have only one wake entering).

The simplified installation neglects a range of retarding torques to which the actual rotor is
subject. Lee et al. (1975), Tsukamoto and Hutton (1985) and Cheesewright and Clark
(1996) have given various mathematical representations for these torques. Tsukamoto and
Hutton (1985) list individually, the following fluid related retarding torques: T,, blade tip
clearance drag torque; T, bearing retarding torque; T,, hub disc friction torque; and T,
rotor hub fluid drag torque. In addition, Cheesewright and Clark have discussed a non-
fluid related component of drag, T, , associated with the magnetic pick-up. Note that for
the modelled installation there will be no calculation of T, because zero tip clearance is
assumed, no calculation of T, because the bearing has not been analysed, no calculation of
T, and T, because endwall boundary layers are not included. Although T, is not included
in the modelled installation either, the observation of Cheesewright and Clark that T,
would be more significant in gas flows suggests that its neglect may be justified. The

overall effect of omitting the above mentioned torques would, however, be to over-predict
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blade speed. It is nonetheless notable that the recent study of Caffrey et al. (1997), as

mentioned above, does suggest for a larger 100mm rotor that fair predictions of steady

rotor speed are possible, even where various sources of retarding torque are neglected.

8.2.2 Governing equations

Unsteady fluid motion is governed by basic physical laws relating to mass and momentum
conservation embedded in the continuity and Navier-Stokes equations. Under the
assumption of isothermal incompressible flow, the required forms of the continuity and

Navier-Stokes equations are given below:

v-U=0 Eq.8.1
DU _

p["‘D—] = Q - Vp + ﬂ[V 2U]— pvm) Eq. 8. 2

\ﬁ_t_-' ey Jorm P"‘::"W Viscous terms

Where: Uis vector velocity;
P is density;
Z1s time;
B is vector body force;
p 1s pressure,
MU 1s dynamic viscosity;
pV(E' )is the phase average Reynolds stress (sometimes written as — pVW ),
see Appendix C)

A Reynolds averaged formulation for the mean flow equations is used as the piped water
flow is fully turbulent (Re =3.11X10% for the test cases considered. The stresses are

determined by the often used low-Reynolds number £-€ turbulence model of Launder and

Sharma (1974). (Further details of this model are given in Appendix C. 2.)

Now, the governing equations are most easily solved in a reference frame rotating with the

meter blading. Since this frame is a non-inertial reference frame, additional body forces
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arise in the momentum equation. These are included in the Navier Stokes equations via

the body force B.

For a frame rotating with angular velocity w and acceleration @, fluid acceleration in the

absolute and relative frames are related by the expression (White 1998):

dU dU _
— | =|—]| +[ @xr +20xU +wx(wXr) ] Eq. 8. 3
db.l' dt f!f 'ﬂ.l ] - '
as , , tangental accel.  Coriolis accel. centripetal accel

rectalinear accel.

where rrepresents the position vector of the point in question.

Clearly, in transferring the Navier-Stokes equations from an absolute to a relative frame
there are three additional terms corresponding to angular, Coriolis and centripetal
accelerations. Thus, to account for frame rotation, the body force (per unit volume) B is

sct to.

B=-ploxr+2wxU+wx(wXr)] Eq.8.4

In a cylindrical coordinate system (;8x) rotating about the axial direction, x axis, we

obtain:

B, = pQu,w + rw?) Eq. 8.3
B, = -pQ2u, w+ rw) Eq.8.6
B, =0 Eq.8.7

Where u,, up, u, are the components of velocity; and,

B., By, B, are the three components of the body force in the r, €, x directions.

‘To evaluate the components of B (Eqgs. 8. 5, 8. 6 and 8. 7), the angular velocity, @, and
acceleration, @, of the frame are required. As the motion of the frame follows the motion

of the meter blades, the required quantities can be obtained from an equation for the

rotational motion of the meter blades. Thus, the angular acceleration of the frame, @, is

obtained from the net torque turning the rotor, Ty, as:
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o= N Eq. 8. 8

where I is the inertia of the rotor.

The angular velocity of the frame, w, is then determined by integration:

w=jaw Eq. 8.9

In the present method, the net torque, Ty, can be obtained by an integral of forces over the

blade surface;

Tn = [ p-rdde + [r(TaedAs + T0dA, + Tr0dA)
blade

blade
srface surface

Eq. 8.10

Whetre ris radius;

p is the pressure acting on the elemental blade surface;
dA,, dA,, dAs are the elemental areas in the x, r, & directions; and,

Too ,T0,Two are the components of the shear stress tensor.

Boundary conditions on Uand p (Egs. 8.1 and 8.2) are required on the cyclic, inlet, outlet

and wall boundaries (on the blade, hub and case surfaces).

The simplest treatment is for the cyclic boundaries at which periodic conditions are

applied. For the inlet, velocity is made uniform over the pipe annulus. In steady flow, it is
fixed in time so as to match the measured volume flow. For unsteady flow, a sinusoidally

pulsating variation 1s assumed:

U.(#)=U.(1+@, sin 27f,¢) Eq.8. 11

with @, being the relative pulsation amplitude and f, being the pulsation frequency.

Uniform inlet values for £ and € were also used. They are set at the values which are based

upon the characteristic of a fully developed pipe flow. (Details are given in Appendix
C.3.1)
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At the blade surface boundaries, standard no-slip conditions (zero flow velocity) with zero

values for £ and € are used. However, the endwall boundary layers at the hub and casing

are not resolved and a shear free slip condition is used.

A more complex treatment is required at the flow exit than for the other flow boundaties.
Pressure is set at the exit boundary; however it is not initially clear how it should vary over
the exit plane. We desired that the exit boundary condition should be equivalent to an

infinite (or at least very long) exit duct without having to actually extend the grid to infinity.

A conceptual problem arises with an assumption of uniform pressure if the exit flow
emerges from the rotor with switl. This is because uniform pressure is not compatible
with a switling flow which must have a lower pressure at its core to maintain the swirling
motion. Thus, this type of boundary condition yields tesults far removed from the
solution that would have been obtained for an infinite exit duct for which swirling motion

would not be restricted.

A better solution is to set the pressure distribution assuming radial equilibrium. With a
reference pressure value specified in the hub, the distribution of pressure is evaluated using
the following equation, for the absolute reference frame, which balances centripetal

acceleration and radial pressure gradient:

10p _uy

pOr r Eq. 8. 12

In the presence of swirl the radial equilibrium boundary condition is commonly used in
turbo-machinery calculations. This type of boundary condition is compatible with the

existence of exit switl and should yield results closer to the desired infinite duct solution.
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8.2.3 Computational mesh

Figures 8.4 and 8.5 shows the computational grid for the simulation of the flow through
meter B. Note that the calculations are carried out for a 120° segment, although the full

360° is shown for clarity. In Figure 8.5, we see that the mesh is formed as an “O-mesh”
surrounding the blades embedded within an “H-mesh”. There are 15 spanwise nodes from
hub to tip, and the distance of the first node centre from both surfaces is situated at a J+
value of 30. There are 30 nodes from blade to blade across the boundary layer in the O-
mesh and the first cell centre from the blade surface is situated at a distance where the y"
value 1s at 0.3. The total number of nodes is 36580. The inlet is situated approximately 2

times the blade chord length upstream. The outlet is situated approximately 3 times the
blade chord length downstream.

Figure 8.4 Grid showing hub and blades of the rotor of meter B
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8.2.4 Solution procedure

A commercial CFD software package, CFX Version 4.3 (AEA Technology Ltd.), was used
to generate solutions to the governing equations. The package comprises a suite of
programs including pre-processing, solution and post-processing modules. CFX 4.3 1s a
multi-block pressure-correction flow solver. A wide range of options are available
regarding the upwinding schemes and turbulence models that may be used. Details of the
methods used by CFX to solve the equations are fully documented in the CFX Solver
Manual to which the interested reader is referred for greater detail than it is appropriate to

give here. Some elements of importance, such as the discretisation schemes and the

solution algorithms are briefly described in Appendix C. 4 and C. 5.

As there is no provision in the software package for solving equations relative to a

rotationally accelerating frame, use has being made of a facility to include a user defined
FORTRAN routine in order to specify the body force B (Eq. 8. 4) and to integrate the

blade acceleration (Eq. 8. 8). For reference, a listing of the routines is give in Appendix D.

The solution procedure seeks to track the unsteady motion of the blade in time. For steady
flow, the unsteady motion is tracked from an arbitrary initial condition to the final steady

state. For pulsating flows, the blade motion is tracked until oscillation is periodic.

An implicit first order backward difference discretisation is used to integrate the flow
equations in time (as attempts to implement a second order scheme gave unstable residuals

values). At each real ime step an iterative procedure is used to converge the solution (with

an appropriate number of iterations used to ensure that true time accuracy is obtained).

For convective problems of this nature, a spatally upwinded discretisation of the
convective terms in the governing equations is required. Of the numerous schemes
available in CFX the “CCCT scheme” (a second order accurate bounded version of
QUICK (Leonard, 1979)) is used for the mean flow equations and the Hybrid scheme
(Pantankar and Spalding, 1972) is used for the less stable turbulence equations.
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8.3 Steady Flow Analyses

8.3.1 Testcases

The ability of the simulation to predict the steady flow performance of the meter was first
assessed. Six flow conditions were examined, denoted S1 to S6, and are listed in Table 8.1.
Note that these conditions span the linear flow range of the meter (Appendix A). The
experimental steady flow condition, about which pulsating flow tests were carried out for

this meter, 1s included as case S6 in the Table.

No. of | No. of
steps | iterations
per step

Reynolds

number
(X 104

Case | Pipe volume

No

0.048
0.101
0.252
0.404

0.144
0.303
0.756
1.211

1.667
0.292

1.298
2.7120
6.788
10.880

0.556 14973 | 19.3
0.097 2.615 D 200

Table 8. 1 Meter B — Steady flow conditions and the corresponding simulation settings

7 15

i
S
.8
14.1

1
3
8

200 {6

Nty

Each steady flow run is marched in time from an approximate initial condition to steady
state when the net torque acting on the rotor becomes zero and its speed remains constant.

Only the final condition is of significance.

Representative histories for predicted blade acceleration and speed are shown in Figures
8.6 and 8.7 respectively. We see that a steady state blade speed is achieved after about 100

time steps.

Convergence is examined more closely in Figure 8.8 which shows representative plots of
the residuals for the mean flow and turbulence equations and for the mass fluxes. A
reduction of between five and six orders of magnitude is achieved over 200 steps
confirming that the final solution is indeed steady. For each case the run time is about two

hours on a2 Sun UltraSparc Ultra™ 10 workstation with 440-MHz UltraSPARC-II;
processor and 250MB physical memory.
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Meter B
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Figure 8. 6 Meter B, 56 — Simulated angular acceleration versus no. of time step,
At =5 X 10-*s, 6 iterations each A input flow rate = 0.292 X 10~ m?/s.
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Figure 8.7 Meter B, S6 — Simulated angular speed versus no. of time step,

At =5 X 1045, 6 iterations each Ay, input flow rate = 0.292 X 10~ m?/s
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Figure 8. 8 Meter B, S6 — Various flow residual parameters versus iterations (Az =5 X 104s, 6

iterations each Av)

8.3.2 Results

Simulation results are first presented in the form of a predicted K-factor curve where the

simulation K factor, K, is inferred from the steady blade angular speed using the following

equation:
K, =(3w/27)+ 1, Eq. 8. 13

In this equation the factor 3 arises since there are three blades, whence the blade passing

frequency £, will be 3@/27 . The derived curve is compared with manufacturer’s data in

Figure 8.9 and numerical results are tabulated in Table 8.2. The notation [T),,,

represents that there are no retarding torques included in the simulation (as mentioned in

Section 8.2.1)
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CFD simulated K-factor Curve
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Figure 8. 9 Meter B— A comparison of K-factor curves plotted from manufacturer’s and
preliminary simulated values (when [ ] sa0-crp =0) versus volume flow rates

Case | Volume flow rate { Manufacturet’s CFD Simulated Discrepancy
No. X 10° m’s™ K factor (P/ m’s’ K factor (P/ m’s™ /0

0.144 652643
0.303 652305
0.756 652944
1.211 652988
1.667 652876
0.292 652329

ge: 652681

Table 8. 2 Meter B — K-factor values of manufacturer’s and CFD simulation

P—

PARIE SR RS g R
>
!

S6

NN NININDIND

It can be seen that the linear meter response (constant K-factor) is predicted over the flow
range examined, however the predicted value of K-factor is 25% higher than the
manufacturer’s data. In effect, the predicted blade speed will be 25% higher than is

measured experimentally.

Flow profiles on blade-to-blade sections at root-mean-square (tms) radius are shown for
case S6 in Figures 8.10 to 8.12 to illustrate the predicted flow field in the region of the
meter blade. Figures 8.10 and 8.11 show the distribution of pressute and velocity vectors
in the region of the blade. Figure 8.12 shows contours of vorticity which more readily

reveals the behaviour of the viscosity affected regions of the flow.

It 1s seen that strong adverse pressure gradient downstream of the leading edge corners

forces the flow to separate. The flow reattaches for both upper and lower surfaces at
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around 10% chord and remains attached to the trailing edge corners. The trailing edge
wake is quite stable showing no tendency to shed vorticity periodically.

Figure 8. 10 Meter B, S6 — Pressure (Pa) contour plotted on rms radius surface,

input flow rate = 0.292 X 10-3 m3/s




Figure 8. 11 Meter B, S6 — Speed (ms™) vectors plotted on rms radius surface,

input flow rate = 0.292 x 10-* m3/s
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Figure 8. 12 Meter B, S6 — Vorticity plotted on rms radius surface,

input flow rate = 0.292 X 10-* m?/s
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8.3.3 Analysis and discussion

In attempting to understand the large discrepancy between the predicted and experimental
blade speeds, it is convenient to interpret differences in terms of flow incidence relative to
the blade angle. The crudest estimate of blade running speed would assume zero

incidence, which would normally be associated with the zero lift condition for an aerofoil.

In fact, Xu (1992a) (interpreted by Baker (1993)) found positive lift would occur above -2°

for 2 100mm meter blade examined in his work with a section shaped as a parallelogram

similar to the section considered here.

We compare the predicted flow incidence at the root mean square radius with estimates
obtained from the manufacturer’s data. In either case the flow angle is determined

assuming the inflow velocity is at the mean value for the section:

10.]; = tan"’[;a:] Eq. 8.14

The incidence is then determined by subtracting the blade angle at the radius considered:

1B:]. = 6 -10.]; Eq. 8.15

At the mms radius, the blade angle, f:, is 32.02°. Derived results for both the
manufacturer’s and CFD data are tabulated below:

Angular speed Inlet flow angle Incidence Angle
) (rad/ S) [¢;. ]; (O) [ﬂr ];: (O)
CFD Manu- | CFD Manu- | CFD
facturer facturer facturer

197.44 [ 29.96 -3.74
413.65 [ 29.68 -3.73
823.97 1033.24 |[29.89 -3.76

1324.03 | 1656.33 | 29.95 -3.76
14.973 29.95 -3.75

Average [B; ], = 3.74

Table 8. 3 Meter B — Flow incidence angles (rms radius) based on various steady flow
conditions

It can be seen that the predicted flow incidence is near -3.74° whilst the manufacturer’s

data are close to +2°. The difference of 6° coincides with the large speed error of 25%. It

is notable that the CFD data is comparable to the result given by Xu (positive lift starts

from -2°). The discrepancies might then reasonably be attributed to various retarding

torques not accounted for in the modelled geometry.
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8.4 Pulsating Flow Analyses

84.1 Test cases

As previously stated, runs for the pulsating flow cases have been carried out for the mean

condition of case S6. Three pulsation frequencies, f,, and three pulsation amplitudes,

Q, ,are considered giving a total of nine cases. These are denoted P1 to P9 and the

conditions for each test are shown below in Table 8.4.

No. of
pulsation

2
“

Case | Pulsation | Pulsation
frequency | amplitude

No. of Time step
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Table 8. 4 Meter B — Pulsating flow conditions and the corresponding simulation settings

For each case the run begins from the steady flow result obtained for case S6. The
solution is then marched in time subject to sinusoidal pulsation of the volume flow until
periodic oscillation of the blade is established. (It should be borne in mind that a pure
sinusoidal pulsation is assumed, which is not exactly the case for some experimental tests

due to some distortions at lower frequency pulsations.)

Finally, the simulated meter volume flow, I/,, can then be inferred from the K-factor

computed in the steady flow analysis using the following equation:

V, = (3w/27) + K, Eq. 8. 16
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In these cases the development of the solution as marching proceeds 1s crucially important.

For solutions to be considered acceptably, we require the following three conditions:

i.  asufficient number of cycles are computed for periodic pulsation

ii.  at each time step, a sufficiently large number of iterations must be used to ensure

the flow equations are solved

.  a sufficiently small time step 1s adopted for time accuracy to be obtained

A number of tests have been carried out to assess these three conditions.

Results of a representative test run to assess periodicity of the solution 1s shown in Figure
8.13. The figure compares the mnput volume flow with the simulated meter flow derived
from the computed blade speed using Eq. 8.16. Four cycles are computed, and the derived
mean flow and peak-to-peak amplitude are compared for second, third and fourth cycles in

Table 8.5. In this case, it 1s concluded that two cycles are sufficient to establish periodic

blade oscillation. In fact, this was found to be true for all nine cases examined.

Meter B
Preliminary Pulsating Flow Simulation

0.45 - ——

Ist C yclc ...nd ( ycl:. 3rd ( ycle 4th ( yclt.

<&
i

-
9
wn

Volume flow rate (>‘<10'3 m’/ )
- -
bo Lo

0.15

| 361 721 1081 1441 P

Input V olume Flow CFD Simulated Flow

Figure 8. 13 Preliminary pulsating flow simulation, P9 — flow inferred from simulated angular

speed versus no. of time step
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Cycle Simulated mean flow rate Simulated pk-pk flow amplitude

V, (x10°m’/s) (to 6s.£) | Vil (107 m’/s) (to 6 s.£)

0.298917 0.152301
0.298897 0.152291
Forth 0.298897 0.152292

Table 8. 5 Meter B — Comparison of simulation results between the second and third
pulsating cycle

Second

e

In order to assess the effect of varying the number of iterations used at each time step, we
have examined the balance of terms in an equation for angular momentum. This 1s
considered in more mathematical detail in Section 8.5, however, for the purposes of the
present discussion we note that the net flux of angular momentum into the rotor domain
should be balanced by the rate of increase of angular momentum for the fluid and for the
rotor. This balance was found to be particularly sensitive to the number of iterations
employed. The imbalance in the various terms is shown in Figure 8. 14 as the number of
iterations varies from 6 to 15. We see that the magnitude of the imbalance reduces as the
number of iterations increases. At nine iterations the level of the imbalance 1s, in fact, less
than 1% of the maximum term in the angular momentum equation for the rotor (see

Figure 8.34 in Section 8.5). We thus conclude that the equations are satisfactorily solved

using nine iterations per time step.

Preliminary runs for case P9 (2 degree time step)

e

Z.

2

=

g v

g A~ Time(s)
: 0.115
z.

4

3

-y

<

—15 Iter —— 12 Iter ™ 9 I ter 6 Iter

Figure 8. 14 Preliminary runs, P9 — Sum of Angular Momentum Flux within the domain versus
time, 2 degree time step per cycle with various number of iterations per time step.
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In Figure 8.15 the effect of varying time step on the computed variation of the blade speed
is examined at 0.5, 1° and 2° steps. Clearly, there is little difference in results and the

solution can be considered to be time accurate at 1° steps.

Preliminary runs for case P9 (9 iterations per time step)
0.00005 -
0.00004 -
e 0.00003
% 0.00002 -
ES 0.00001 -
g 0 = . LR - : ' Time(s)
E pp— < %1071/ 0.1¢ oy g,,:ﬁ.mr!' 7115
—E,i 10.00002 -
< -0.00003 -
-0.00004 -
-0.00005 -
Two degree One degree Half degree

Figure 8. 15 Preliminary runs, P9 — Sum of Angular Momentum Flux within the domain versus
time, 9 iterations per time step with various time step length.

8.4.2 Simulated flow histories

Flow waveforms for the individual simulation cases are presented in Figures 8.16 to 8.24.

Fach diagram consists of: the “experimental actual flow” (===) inferred from the calibrated

EM meter signal superimposed onto the mean flow as given by the weight tank; the
“experimantal meter indicated flow” (—) inferred from turbine meter output signal; the
“CFD mnput sinusoidal flow” (==) for the computation and the “CFD simulated meter

indicated flow” (—) inferred from the predicted blade speed.

The CFD simulation shows the correct trend in meter response, however, there are

significant quantitative differences between meter indicated and CFD simulated meter
indicated flows. Again, this may be due to the various simplifications made in the

modelled geometry.
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P1: /= 20 Hz, &= 16.95 %
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==[xp. actual flow —Exp. meter indicated flow ==CFD input sinusoidal flow —CFD simulated meter indicated flow

Figure 8. 16 P1 — Comparison of actual flow, meter indicated flow, CFD simulated flow and

predicted meter flow; at £,= 20 Hz, a,= 16.95%.
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Figure 8. 17 P2 — Comparison of actual flow, meter indicated flow, CFD simulated flow and

predicted meter flow; at £,= 20 Hz, a,= 26.16 %.
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Figure 8. 18 P3 — Comparison of actual flow, meter indicated flow, CFD simulated flow and

predicted meter flow; at £,= 20 Hz, a,= 41.98 %.
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P4: f= 40 Hz, &= 16.57 %
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Figure 8. 19 P4 — Comparison of actual flow, meter indicated flow, CFD simulated flow and

predicted meter flow; at £,=40 Hz, @,= 16.57 %.
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Figure 8. 20 P5 — Comparison of actual flow, meter indicated flow, CFD simulated flow and

predicted meter flow; at £,=40 Hz, a,= 26.16 %.
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Figure 8. 21 P6 — Comparison of actual flow, meter indicated flow, CFD simulated flow and

predicted meter flow; at £,= 40 Hz, a,= 40.63 %.
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P7: /= 60 Hz, &= 16.65 %
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Figure 8. 22 P7 — Comparison of actual flow, meter indicated flow, CFD simulated flow and

predicted meter flow; at £,= 60 Hz, @,= 16.65 %.
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Figure 8. 23 P8 — Comparison of actual flow, meter indicated flow, CFD simulated flow and

predicted meter flow; at £,=60 Hz, a,= 28.13 %.
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Figure 8. 24 P9 — Comparison of actual flow, meter indicated flow, CFD simulated flow and

predicted meter flow; at £,= 60 Hz, a,= 36.69 %.
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8.4.3 ‘Harmonic’ analysis

Qualitative comparison of results is most readily carried out for the mean level and peak-
to-peak amplitude of the pulsations. A summary of derived results is given in Table 8.6
and graphs for different sets of data are shown in Figure 8.25 and 8.26. In the following
table and figures, the prefixes “E” represents experimental data; “S” represents CFD
simulation data; and, “P” represents data which are predicted from the “frictionless”
theoretical model equation (Eq. 5.1. in Section 5. 2). (In this section, Eq. 5.1 is used to
predict the meter indicated flow given the actual flow; where previously in Chapter 7, it
was used to simulate the actual flow using the experimental meter indicated flow. The

mode of usage is, in effect, the reverse of the procedure previously used).

In this presentation of results the mean and peak-to-peak amplitude are normalised as
over-registration error and amplitude attenuation factor respectively (Eqs. 2.3 and 2.4).
The normalisation assumes that values of zero are obtained for both quantities as
frequency is reduced asymptotically to zero. The large discrepancy in the steady flow speed

will then not be reflected in the comparison.

Arithmetic difference

Conditions
between

Errors

f o Loy | o
(Hz) Yo (“o) (/o) (%0) (%o)
"
g | 20
P
g
S
£,
e
5 | o0
S 3,80
. . 23.00
g | 20
= 7.35
g
< 8| 4
3
£
g 60.43 | 28.31
60.23
Table 8. 6 Comparison of experimental, simulation and prediction results for pulsating

frequencies of 20, 40 and 60 Hz.
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(a) Experimental Results
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Figure 8. 25 Meter B — Comparisons of over-registration errors with a selection of pulsation

amplitudes and pulsation frequencies from: (a) experimental results, (b) simulations by CFD

modelling, and (c) normalised “frictionless” theoretical model predictions.
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(b) Simulation Results by CFD

Amplitude Attenuation (%)

NG
o~
~ 60 1
f:
% 50 -
40
:
< 30 7
| 'g 20 - )
=
‘é‘* 10 1
< O o | T T Gt Sl B e L e A e =y
10 15 20 25 30 35 40 45
| Rel. Puls. Amp. (%)
Figure 8. 26 Meter B — Comparisons of amplitude attenuations with a selection of pulsation

amplitudes and pulsation frequencies from: (a) experimental results, (b) simulations by CFD

modelling, and (c) normalised “frictionless” theoretical model predictions.
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Since the amplitude attenuations are strongly dependent on pulsation frequency, and are

very weakly dependent on pulsation amplitude, a summary of amplitude attenuations from

Figure 8.26 is re-plotted as shown below:

Summary of Amplitude Attenuation (Experimental, Simulation and Prediction)
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0 10 20 30 40 50 60 70 |
Pulsation Frequency (Hz)

Figure 8. 27 Meter B = A summary of amplitude attenuation (re-plotted for results shown in
Figure 8.26)

As can be seen in Table 8. 6; for both over-registration error and amplitude attenuation,
apart from 20Hz, the arithmetic difference between prediction(P) and experimental(E) is
generally higher than the simulation(S) and experimental(E) data.

Although it is not entirely evident in numerical comparisons, Figures 8.25, 8.26 and 8.27
clearly demonstrate that the trends in the experimental results(E) are better captured by the
CFD simulation(S) than the theoretical model prediction(P).
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8.4.4 Flow profiles

Predicted flow profiles on a blade-to-blade surface at the rms radius are examined in this

section. Velocity and vorticity profiles are shown in Figures 8.29 and 8.30 respectively for

the second pulsation cycle of case P9. In each figure, profiles are shown for the four time

steps indicated in Figure 8.28.
P9 Pulsating Flow Simulation
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G 2
-
0.2
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Step no.
0.15
360 450 540 630 720
Input volume flow CFD simulated meter indicated flow
Figure 8. 28 P9 — Comparison of input volume flow and CFD simulated meter flow;

V', =0.292 x 10 m3/s, £,=60 Hz, @,= 36.69 %.

It would be interesting to see whether the flow behaviour at points (a) and (c) would be any
different since they are both on the mean flow line crossing. Similarly it would be

interesting to see whether the flow behaviour at points (b) and (d) would be any different,

as point (b) represents accelerating high flow and point (d) represents decelerating low

flow.
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P9 Velocity Plot (Step 360)
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Figure 8.29(a) P9 (Step 360) — Velocity plotted on rms radius surface;

17, = 0.292 X 103 m3/s, £,=60 Hz, @y= 36.69 %.
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P9 Velocity Plot (Step 440)
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Figure 8. 29(b) P9 (Step 440) — Velocity plotted on rms radius surface;

17, =0.292 X 10 m3/s, £,=60 Hz, @,= 36.69 %.
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P9 Velocity Plot (Step 540)

Figure 8. 29(c) P9 (Step 540) — Velocity plotted on rms radius surface;

V, =0.292 X 103 m3/s, £,=60 Hz, &= 36.69 %.
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P9 Velocity Plot (Step 620)

Figure 8. 29(d) P9 (Step 620) — Velocity plotted on rms radius surface;

17, =0.292 X 10 m3/s, £,=60 Hz, a,= 36.69 %.
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P9 Vorticity Plot (Step 360)

Figure 8.30(a) P9 (Step 360) — Vorticity plotted on rms radius surface;

I/, =0.292 X 10® m3/s, £,= 60 Hz, @,= 36.69 %.




Chapter 8 — Computational Fluid Dynamic Modelling

P9 Vorticity Plot (Step 440)

Figure 8. 30(b) P9 (Step 440) — Vorticity plotted on rms radius surface;

I/, =0.292 % 103 m3/s, £,=60 Hz, @,= 36.69 %.
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P9 Vorticity Plot(Step 540)

Figure 8. 30(c) P9 (Step 540) — Vorticity plotted on rms radius surface;

V, =0.292 x 103 m3/s, £,=60 Hz, o= 36.69 %.
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P9 Vorticity Plot (Step 620)

Figure 8. 30(d) P9 (Step 620) — Vorticity plotted on rms radius surface;

I/, =0.292 X 10 m%/s, £,=60 Hz, @,= 36.69 %.
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Clearly, the overall structure of the flow is not grossly different from the steady flow
structure (Figures 8.11 and 8.12). Particularly in the respect that large areas of separated
flow are not predicted. However, it 1s noticeable that the reattachment lengths for the
leading edge separation bubbles do not vary entirely in phase (i.e. an increase in one length
is matched by a reduction in the other). This was more cleatly revealed by a graphical
simulation of the unsteady flow and has been related to a variation in flow incidence on the
blade during the oscillation cycle. Note that in quasi-steady flow we would not expect flow
incidence to vary in accordance with the results of Table 8.3. Figure 8.31 plots the mean

flow angle 1n the relative frame against axial position for case P9.
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Axial Position (m)

Figure 8. 31 P9 — Time varying weighted mean flow angles along the axial position in the
relative frame

Results are shown for steady flow and for the periodic time positions outlined in Fig.8.28.
It is clear that the mean flow angle varies considerably through the cycle from its steady

flow value just before the rotor entrance.
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8.4.5 Analysis and discussion

It is possible to explain the basic trends in flowmeter response with reference to the
response to a square wave vanation of axial flow. As the acceleration of the blade 1s

ultimately limited by the change in angular momentum through the rotor we can say that:

i.  The blade force and acceleration are dependent on the axial flow rate. At high axial

flows a faster response is possible than at low axial flows.

ii. At sufficiently high frequencies, the blade response lags the axial flow because the
blade force 1s insufficient to provide the acceleration required for a more rapid

responsec.

Cleatly, for step changes of axial flow the response to flow acceleration can be more rapid
than to deceleration because the blade force can be higher at larger axial flows than smaller

ones. The expected response is 1llustrated schematically below.

Meter Indicated
Flow

----'-1
i
|
'
!
i

r-‘-'—-'_'_'—-

Volume Flow
Fem—————

'
J‘\Actua.l Flow

Figure 8. 32 Schematic Diagram of meter response to step flow

It is evident that the first harmonic of the measured flow inferred from the blade pulsation
will have a reduced amplitude, a raised mean and a phase lag relative to the actual flow.

This is exactly what is observed in sinusoidally oscillated flow. Most notably, it is suggested
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that the response to flow acceleration should be different from the response to
deceleration. We can examine this point for the conditions of case P9: Figure 8.33 shows
the flow acceleration for this case plotted against volume flow. A closed curve 1s obtained
for sinusoidal oscillation. The figure compares the computed result with what would have

been obtained if the rotor had responded 1n a quasi-steady fashion.
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—— Quasi-steady flow aaeleration Simulated meter indicated flow acceleration
Figure 8. 33 P9 — Quasi-steady flow acceleration and CFD simulated meter flow acceleration

plotted against quasi-steady flow; [;: = 0.292 X 10 m?*/s, £,=60 Hz, a,= 36.69 %.

We see that the quasi-steady acceleration has a symmetrical pattern during both the
acceleration and deceleration of the flow within the pulsating cycle. However, there 1s a
significantly different pattern in the computed blade acceleration. In fact, this asymmetrical
pattern in the meter indicated flow bears the same characteristics of a hysteresis loop in the
dynamic stall theory (Theodorsen 1935) — “the effect of flow oscillation 1s to produce a

time lag between the actual conditions and the state of the boundary layer. As a result, the

lift (and the other forces) would be in delay.”

Starting clockwise from the point of zero acceleration, just shortly after point (d), the meter
flow acceleration follows the quasi-steady acceleration slowly, until at point (a) the flow
acceleration starts to decrease, but the meter acceleration keeps on increasing until a

breakdown occurs just before point (b). At the breakdown point there is flow separation
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and hence the meter acceleration started to decrease following the quasi-steady flow
deceleration. It will take some time to recover the regular behaviour, but the meter

deceleration will be less than the quasi-steady deceleration for most of the remaining loop.

The increase of the meter acceleration after point (a) whilst the quasi-steady acceleration 1s
starting to decrease 1s attributed to the development of a leading edge vortex on the upper
surface that grows and travels downstream. The breakdown point just before point (b) 1s
associated with the point when the leading edge vortex has travelled past the blade trailing

edge (note the growth from Figures 8.30 (a) to (b)).

However, given the restricted extent of the stalled flow regions it would seem that the

delay is more closely related to the level of the blade force at the prevailing axial flow rates

than to the boundary layer response.

As a summary, it can be concluded that; when the flow is accelerating, the rotor takes time
to respond to it; when the flow is decelerating, the fluid contained within the rotor
envelope and the rotor might still be rotating at a comparatively faster rate, hence the
influence of a decelerating flow 1s greater than that of an accelerating one so that the mean
speed of a flowmeter subjected to pulsation can be greater than that corresponding to the

mean flowrate. And, hence, the amplitude attenuation indicated by the meter is a direct

consequence from this lagging response.
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8.5 Assessment of the Dijstelbergen Model

8.5.1 Meter B

An analysis of an equation for conservation of angular momentum through the rotor, in
the absolute reference frame, is given in this sub-section in order to provide an explanation

of the differences between the CFD simulation and Dijstelbergen model as implemented in

the current study.

The conservation form of momentum equation in the @ direction is:

Oug 1 Oug #g Oug #,4pg 3:49)
=, e+ 22 | =
p( 0t r[m]ar T r 38+ r T dx

13,10, ) 19t 3
r89+r2 ar[r T’ﬂ]+r 00 T dx

Eq. 8.17

And multiply the above equation by 7, angular momentum ( Pr#g ) through the rotor will be

conserved in accordance with the following transport equation:

A prus) , 13w, (pruo)] 1 3l (oruo)

ek

+ a[“x (pru& )] _

0t r or r 06 dx
a(ﬂ'aa ) a(f‘fxe)

0 101 dt)
r 00 ror r 06 0x

Eq. 8.18

Integrating over the domain of the rotor envelop (by application of Guass’ divergence

theorem) then gives the equation in vector format as follows:

ijjjpmgdva/ + ﬁpﬂleU -dA = ﬁr[‘l}eir + (Tge — P)I'a + T.01x ] - dA Eq. 8.1%
dat A

S —— e

Auid inertia momentum flux surface forces

The Dijstelbergen model, embodied in Eq. 4.14, was derived if it is assumed that:

1. The fluid within the rotor envelop rotates as a solid body.
2. 'The fluid enters the rotor with uniform velocity at zero angle in the absolute frame,

and it emerges from the rotor within uniform velocity at the blade angle.
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The correspondence between terms in Eq. 4.14 and Eq. 8.19 is then as follows:

1. Fluid Inertia Term

'57 Ijjmadm/ =], &_HHT.?F/M

e —————————
1S 1P

2. Momen Flux T
SE{ prusU -dA = pU . AF(U. tan fB; — wF)

S —
_ —
25 2P

3. Surface Force Term

cﬂr[z',gi, +(7To0 — p)ig + Toody |-dA = I i—w
t

3S -
3P

CFD Simulation for case P9

0.002 -

0.0015 7

0.001

0.0005 -
s {2 )

Angular Momentum Flux (Nm)
=
:

-35

0.11 0.12 0.13 0.14

Time

0.15

0.16

Figure 8. 34 P9 (£,=60 Hz, 0,,=36.69%) — Comparisons of various angular momentum flux terms

resulted from CFD modelling.
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Figure 8.34 plots the variation of terms in Eq. 8.19 (labelled 1S, 28 and 3S) over a flow

cycle for case P9. Differences between the CFD based and Dijstelbergen models are
expected to depend on the extent to which the modelled forms of fluid inertia and
momentum flux terms are good models. This is tested by using the simulated variation of
axial flow and blade speed to compute terms according to the Dijstelbergen model and
directly comparing with the “exact” terms given by integrating CFD data. The
comparisons for the fluid inertia and momentum flux terms are shown in Figures 8.35 and
8.36. We conclude that whilst the term related to the momentum flux into the rotor
envelop is fairly well modelled, the inertia term is not. In fact, its amplitude 1s more than
double of that predicted by the simulation (2.5 times). In hindsight, this 1s not wholly
surprising as it seems unrealistic to assume that all fluid within the rotor envelope with the
blades 1s “solid” when it certainly 1s not. Indeed, it might be more reasonable to expect
that the fluid entering the rotor gradually adjusts itself to the prevailing blade speed as 1t
moves axially through the meter. In this circumstance, an over-prediction of fluid inertia

would result from the previous assumption.

Companson of Fluid Inertia Term

Angular Momentum Flux (Nm)
~ T~
. 8% 82
1 | | | L
. ’ :

-0.0002 - 1S
0.0004 -
-0.0006
-0.0008
20.001 T : T : l
0.11 012 0.13 0.14 0.15 0.16

Time

Figure 8. 35 P9 (£=60 Hz, @,=36.69"%) — Comparisons of the fluid inertia terms from CFD

Simulation and the Prediction using Dijstelbergen equation.
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Comparison of Angular Momentum Flux Term

0.001 -
0.0008 -

-0.0008 -

-0.001 | | 1 T 1
0.11 0.12 0.13 0.14 0.15 0.16

i

 §

Angular Momentum Flux (Nm)
o O
-3 -

Time

Figure 8. 36 P9 (£,=60 Hz, 2,=36.69%) — Comparisons of the momentum flux terms from CFD
Simulation and the Prediction using Dijstelbergen equation.

Since the amplitude of the fluid inertia term from Dijstelbergen prediction was found to be
around 2.5 times more than what was computed by CFD. The Dijstelbergen analysis was
repeated using a value for fluid inertia reduced by a factor of 2.5. The revised results are

shown in Figures 8.37 and 8.38, for instance, the label “P20a” is the revised result for
20 Hz with reference to the original prediction result “P20”.

Modified Theoretical Predictions by using new value of I, in Eq.5.1

S
}

()
1

—
]

Over-registration Error (%)
®

-

P
-
—
un
o
-
()
Wn
2
-
('S
N
S
wn

Rel. Puls. Amp. (%)

Figure 8. 37 Meter B — Over-registration errors for a selection of pulsation amplitudes and
pulsation frequencies from the normalised “frictionless” theoretical model predictions using a

modified value of Ir(from CFD evaluation). [For original results using estimated value of /; (from
meter geometry) shown in Fig. 8.25¢]
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Modified Theoretiaal Predictions by using new value of I in Eq.5.1

% 70 -
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v
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Rel. Puls. Amp. (%)
Figure 8. 38 Meter B = Comparisons of amplitude attenuations for a selection of pulsation

amplitudes and pulsation frequencies from the normalised “frictionless” theoretical model

predictions using a modified value of I-(from CFD evaluation). [For original results using estimated
value of Ir(from meter geometry) are shown in Fig. 8.26¢]

Since the amplitude attenuation is mainly dependent on the imposed pulsation frequency,

an alternative graph (as previously shown in Fig. 8.27) is now shown below, noting the

improvement made to the theoretical predicted amplitude attenuation using the new value

of I, (new curve is noted as P,).

Summary of Amplitude Attenuation (Experimental, Simulation and Predicion)

o AR

= 60 -

G

8 50

0

Z 30-

g 20 -

£

E 10 -

i 0 - L I ! | I | "1

0 10 20 30 40 50 60 70
Pulsation Frequency (Hz)
Figure 8. 39 Meter B = A summary of amplitude attenuation from using the modified value of I,

It can be seen from Figures 8. 37 and 8. 39 that, except for 20 Hz case, the trends are now

quite close to the CFD predicted result and are qualitatively improved relative to the

experimental data (as compared to Figures 25a and 27).
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852 FEffects of fluid inertia on all meters

The indication of the results from this analysis for meter B implied that the assumption of
solid fluid rotation within the rotor envelope was wrong; hence an attempt was made to

justify the value of I, for other meters. The analysis suggested that I, used for meter B was

2.5 times too large; therefore, the value of I for each meter was halved to perceive it this
would give any improvement in the prediction of meter errors. For illustrauve purposes,
errors for a selection of pulsation frequencies will be compared showing: the original

prediction (P); new prediction (P,); and the experimental data (E).

8.5.2.1 Predictions of over-registration error

l Over Registration Error 20 Hz (Meter A)

— o
Qo - o
L | |

)
|

Over-registration Error (%)
ST

] T T I T ! 1

10 20 30 40 50 60 70 80 90 100

N -~
L eae—

Rel. Puls. Amp (Y0)

ot —

Figure 8. 40 Meter A -~ Comparisons of over-registration errors at 20 Hz from the normalised
“frictionless” theoretical model predictions using a value of Ir equals to half the value used to obtain
‘P? results.
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Over Registration Error 40 Hz (Meter B)

Over-registration Error (%)
n
1

1 -
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0 T | | — ! r !
‘SL 10 20 30 40 50 60
-0.5
Rel. Puls. Amp (%)
Figure 8. 41 Meter B -~ Comparisons of over-registration errors at 40 Hz from the normalised

“frictionless” theoretical model predictions using a value of Ir equals to half the value used to obtain
‘P results. (Notation ‘S’ represents simulation data from CFD)

—

Over Registration Error 40 Hz (Meter C)

12 - . p
10

Q

Y 8-

;

g O

g

g 4-

g7

10 20 30 40 50 60 70 80 90 100

B o
Le-——l

Rel. Puls. Amp (%)

Figure 8. 42 Meter C — Comparisons of over-registration errors at 40 Hz from the normalised
“frictionless” theoretical model predictions using a value of Ir equals to half the value used to obtain
‘P’ results.
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Over Registration Error 40 Hz (Meter D)

Over-registration Error (%)
n
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0.5
O -1 T | B e | T 1
0 10 20 30 40 50 60
-0.5
Rel. Puls. Amp (%)
Figure 8. 43 Meter D — Comparisons of over-registration errors at 40 Hz from the normalised

“frictionless” theoretical model predictions using a value of Ir equals to half the value used to obtain
‘P’ results.

Over Registration Error 70 Hz (Meter E)
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Figure 8. 44 Meter E ~ Comparisons of over-registration errors at 70 Hz from the normalised

“frictionless” theoretical model predictions using a value of Ir equals to half the value used to obtain
‘P’ results.
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8.5.2.2 Predictions of amplitude attenuation
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Figure 8. 45

Meter A — Comparisons of amplitude attenuation from the normalised

“frictionless” theoretical model predictions using a value of /r equals to half the value used to obtain

‘P’ results.
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Figure 8. 46

Meter B -~ Comparisons of amplitude attenuation from the normalised

“frictionless” theoretical model predictions using a value of Jr equals to half the value used to obtain
‘P’ results. (INotation ‘S’ represents simulation data from CFD)
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Summary of Amplitude Attenuation (Meter C)
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Figure 8. 47 Meter C - Comparisons of amplitude attenuation from the normalised
“frictionless” theoretical model predictions using a value of I equals to half the value used to obtain
‘P’ results.
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Figure 8. 48 Meter D ~ Comparisons of amplitude attenuation from the normalised

«frictionless” theoretical model predictions using a value of Ir equals to half the value used to obtain
‘P’ results.
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Summary of Amplitude Attenuation (Meter E)
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Figure 8. 49 Meter E - Comparisons of amplitude attenuation from the normalised

“frictionless” theoretical model predictions using a value of Ir equals to half the value used to obtain
‘P’ results.

8.5.3 Discussion of revised predictions

Having used the new value of [, it can be seen from Figures 8.39 to 8.43, that whilst some
predictions of over-registration errors have been improved (meters B, D & E), some
predictions have been worse (meters A & C). However, in terms of correction of

amplitude, it can be seen from Figures 8.44 to 8.48, that all of the amplitude errors have

been improved.

From these observations, it could be deduced that all meters are very sensitive to the value

of L.

- 188 -



Chapter 8 — Computational Fluid Dynamic Modelling

8.6 Summary of CFD Results

Although the CFD data did not give a quantitative close agreement with the experimental
data, CFD has facilitated an understanding of the rotor dynamics resulted from the various
patterns of flow incidence, boundary layer growth and blade forces at the prevailing axial
flow rates within the pulsation cycle. It is now known that the asymmetrical pattern of the
blade acceleration within the flow cycle (Fig. 8.33) gives rise to the lagging of meter

response and hence over-registration and amplitude attenuation.

The cause of the quantitative difference between CFD results and experimental data is due

to 2 combination of 2 number of factors:

1. The CFD simulation was based on a very basic modelled geometry in which the

various resistant torques, the real inlet flow profile and the wakes from the flow

straightener were not accounted.

2. The solution procedure was only first order time accurate.

3. The relatively coarse grid and the length of time step were chosen to optimise for

the quickest possible computational time for the solutions.

No attempt was made to determine the individual contribution of each of these factors.

It was also shown that the CFD data could emulate the meter error trends better than the
prediction data resulted from using the Dj stélbcrgcn equation. Having evaluated the
conservation of angular momentum flux within the rotor envelope from the CFD data for
case P9, it was found that the fluid inertia term used in the prediction for meter B was
about 2.5 times larger than the value inferred from the CFD tresults. The CFD suggested
value for the fluid inertia was incorporated into the prediction procedure and the trends

from the prediction were improved for meter B.

However, the conclusion that the otiginal value of I, used for meter B was too large could
not be directly applied to all meters; it is clear that the degree of sensitivity to the value of I,
used in the prediction procedures is very specific to the individual meter. No attempt was

made to find specific I, values for other individual meters.
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Chapter 9 Conclusions and Future Work

In this chapter, the work presented in this thesis is concluded. The major achievements of
the work are discussed in Chapter 9.1. A number of improvements to the correction

method of the turbine meter signal are suggested in Chapter 9.2.

91 Conclusions

e New experimental evidence showed that there were over-registration errors and
amplitude attenuations for a range of flowmeters, of sizes 6mm to 25mm. The
typical trends are: (1) the higher the imposed pulsation frequency and pulsation
amplitude, the higher the over-registration error; (2) the increase of amplitude
attenuation mainly depends upon the increase of imposed pulsation frequency (See
Chapters 5.2.4 and 6.5.2.3). Also experiments showed that the trends remained
unchanged with varying operating flow rates within the linear range of the meter.
Although the over-registration errors were within the limits of specified meter
accuracy for low frequency pulsations (5 to 10 Hz), they may be significant for
higher frequencies and larger pulsation amplitudes, maximum over-registration
observed was 5.5 %. The amplitude attenuation error was likely to be significant

over a considerable range of amplitudes and frequencies, and can be as large as

90%.

e Although various sizes of meters were studied experimentally, there was no unique
correlation across the five meters in this study, therefore it was rather difficult to

normalise the results in terms of either the meter size, or the number of blades, or
the operating mean flow conditions. (Note that meters A and B both have the
same number of blades, but they are of different sizes and ditferent mean flow

conditions; similarly meters A and C both can be tested under the same mean flow

condition, but they have different number of blades and different size).

e Moreover, another problem that gave rise to the difficulties in normalising the

experimental data with various meter sizes was the restriction of the flow rig’s

- 190 -



r Chapter 9 — Conclusions and Future Work

capability in producing relatively large pulsations at higher flow rate. For meter E,

at 1.740% 10 m’/s, the current maximum pulsation amplitude that the flow rig
could achieve was less than 10%. For these experimental conditions, though meter
E showed that there were significant amplitude attenuations, there were
insignificant over-registrations observed. It is uncertain whether meter E would

still remain accurate in mean flow indication if the pulsation amplitude is increased

beyond 10%.

¢ On the basis of same operating flow condition, it was found that a meter with

smaller value of the response parameter and ratio of inertias, #(1+A), gave better

indication of the true flow than one with a larger value. This reflects what is

expected from theory, as can be seen from Eq. 4. 18a, £, = (1 + A/, - AV, 1.

the time constant, £, is proportional to #(1+A4), for any meter operating under the

same flow condition.

e By using Dijstelbergen’s frictionless theoretical method, error predictions of meter
indicated mean flow and amplitude were made. Generally, under the same
pulsating flow conditions, error predictions made for a meter with higher blade
number (better flow guidance) were closer to the experimental values than those

with lower blade number of the same size.

e Based on Dijstelbergen’s frictionless theoretical model, a correction method was

developed by Cheesewright to correct experimentally recorded meter signals. The
most successful correction of mean flow error was the reduction from 1.99% to

0.08% and the maximum correction of amplitude attenuation was from 56.80% to

21.50%.

e Generally, for the correction of over-registration errors, the correction method was
considered to be relatively more effective at higher pulsation amplitudes. The
corrections of pulsation amplitude were generally more effective as pulsation
frequency increases. It was deduced that as there were larger or quicker
fluctuations in the flow, fluid inertia was more likely to be dominant over the

various friction effects which were being ignored in the correction procedure.
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The correction method was also considered to be relatively more effective for
meters with higher blade number, since more data points could be extracted from
the meter, hence better point to point correction of the signal resulted. Theretore,
for pulsating flow measurement, providing that the correction tool is applied, the
use of a meter with a higher number of blades would yield better results than for a

lower blade number.

Although the CFD results did not give a close quantitative agreement with the
experimental data, CFD has facilitated an understanding of the rotor dynamics
resulting from the various patterns of flow separation and boundary layer growth
within the pulsation cycle. It is now known that the asymmetrical pattern of the
blade acceleraton gives rise to the lagging meter response and, hence, over-

registration and amplitude attenuation.

For the one meter simulated, it was also shown that the CFD results could emulate
the meter error trends better than the data resulting from using Dijstelbergen’s
equation. Having evaluated the rate of change of angular momentum within the
rotor envelope from the CFD data for a particular case, it was found that the fluid
inertia term used in the Dijjstelbergen prediction was about 2.5 times larger than the
value inferred from the CFD analysis. Thus, a corresponding reduced value for the
fluid inertia was implemented into the prediction procedure and the trends from

the prediction were correspondingly improved by 50% for this meter.

However, the attempt to improve other meter error predictions by halving the
respective individual fluid inertia values in the prediction procedure did not result
in significant improvements. This could be due to the fluid inertia parameter used
in the prediction procedures is very specific to the individual meter, in which
factors such as number of blades, blade profile and blade tip clearance could

influence the value of the effective fluid inertia.
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9.2 Future Work

In this section, future work on both experimental investigation, CFD modelling, and

subsequently the associated correction of meter readings are discussed.

One of the restrictions experienced during the experimental investigation was the
limitation of the maximum imposed pulsation frequency for each meter. The
extraction of pulsating flow induced errors depended upon the quality of the signal
waveform. This in turn, depended upon the number of data points that could be
generated. Hence if it was possible, as proposed, to sample the rotor speed more
frequently, this could extend the range of imposed pulsation frequency that could

be. Thus, more extensive experimental investigation could then be achieved.

The use of multiple pick-ups; such as having two pick-ups located around the

meter at 90° out of phase to each other, together with the appropriate data

processing technique, results in double the amount of data points from the meter.

Alternatively, a drum could be fixed at the tip of the rotor with multiple, equally
spaced, ferromagnetic studs to allow an increase of number of data points in the
meter signal. Hence further tests of meter dynamic response could be possible.
However, the above two suggested methods would possibly increase the resistant

torque value due to increasing magnetic pick-up effect.

If some non-dimensional parameters could be used to correlate experimental data,

such as the Reynolds number and the Strouhal number, this would provide a more
thorough insight into the turbine meter dynamic performance. Therefore further

experimental work on different sizes of meter and different number of blades with

limits of relevance would clarify this aspect.

The correction tool could be developed further to allow real time application.

If the CFD model could be developed and extended to allow parametric modelling,
it would then be more readily available to predict the appropriate value of the fluid
inertia term (for correction purposes) for individual meters. This, in turn, would

facilitate a better prediction of errors for all meters.
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The CFD simulation could also be improved further to facilitate a more accurate
solution. Some careful evaluation is needed to determine which solution
algorithms are most influential to accuracy: (1) development of a finer grid to
resolve the boundary layers throughout the domain; (2) more accurate second order
time stepping procedure; (3) other discretisation schemes, such as higher-order
upwind scheme with flux limiters, to ensure boundedness of the solution; and (4)

the inclusion of friction effects.
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