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Abstract. The application of elbow flowmeter in rotary equipments is beneficial to reduce the pipeline
complexity. However, the intervention of centrifugal acceleration will lead to the change of metrological
characteristics of elbow flowmeter. Based on the analysis of the differential pressure formation mechanism of the
environmental acceleration on the elbow flowmeter, the calculation formula of the flow rate measurement with
the elbow flowmeter in the rotating state is derived, and the fitting method of the discharge coefficient is put
forward. The CFD method was used to analyze the internal flow field of the elbow flowmeter under rotating
state, summarize the pressure distribution characteristics of the pipe wall, and verify the feasibility of the
discharge coefficient fitting strategy by simulation. The results show that for the elbow flowmeters with
diameters of 10 mm and 15 mm and the radius to diameter ratio of 1.5, as long as the water flow rate is between
1.5m/s and 5m/s, the measurement accuracy can be guaranteed to be above 4%.
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1 Introduction

In the compact rotating equipment, the flowmeter not only
has limited installation space, but also bears strong
centrifugal force and certain mechanical vibration. The
conventional design is difficult to meet such installation
requirements. For elbow flowmeter without movable parts,
we can directly replace the bend in the pipeline with high
reliability. Moreover, the introduction of elbow flowmeter
is useful for simplifying the installation structure as well as
restraining additional flow resistance, and demonstrating
outstanding superiority in this scenario [1]. Figure 1
describes a typical design. The red part is a section of tube
in a rotating equipment, and the elbow in the lower right
corner is elbow flowmeter. For clarity, other irrelevant
accessories are hidden in the figure. In this case, the
reliability of turbine flowmeter under high-speed rotation
cannot be guaranteed because of the existence of movable
parts; the head of thermal flowmeter and electromagnetic
flowmeter are heavy, which is difficult to meet require-
ments of rotor dynamic balance. In addition, the limited
space on the rotor cannot provide enough straight pipe
space to meet the requirements of most flowmeters. To use
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elbow flowmeter instead of the previous bend in the
pipeline is one of the most feasible schemes, which does not
require the change of the original pipeline design and has
the characteristics of no movable parts used for promoting
the reliability in the environment of high-speed rotation
and vibration.

However, the metrological characteristics of elbow
flowmeter in rotating state have not been studied, and the
measurement formula is not clear. In this paper, the
metering principle of the rotary elbow flowmeter is
analyzed, the calculation formula for flow rate of the
elbow flowmeter in the rotating state is derived, and
the discharge coefficient fitting method of the elbow
flowmeter in the rotating state is proposed. Finally, the
method is verified by the way of computational fluid
dynamics.

2 Materials and methods

2.1 Research methods and status of metrological
characteristics of elbow flowmeter

Elbow flowmeter is a kind of differential pressure
flowmeter. Therefore the metering principle for it is very
different from Orifice, Venturi and other differential
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Fig. 1. Structure Schematic Diagram of One Rotating Equip-
ment. The red part is a section of tube in a rotating equipment,
and the elbow in the lower right corner is elbow flowmeter.

pressure flowmeters. Due to the centrifugal force, the
pressure of the fluid flowing through the elbow on both
sides of the pipe will be different. There is a positive
correlation between the pressure difference and the average
velocity of the fluid. By measuring the pressure difference
between the inside corner and outside corner of the elbow,
the working fluid velocity in the pipe can be calculated.

After Jacobs and Sooy proposed the concept of elbow
flowmeter in 1911, Lansford and Addison proposed the free
vortex theory and forced vortex theory of elbow flowmeter
[2,3]. Then, Taylor, Robertsondui and Spink summarized
the previous research results and formed empirical
formulas [4]. J.W. Murdock not only studied the influenc-
ing factors of discharge coefficient, but also compared
elbow flowmeter with standard differential pressure type
flowmeters such as Orifice, Nozzle and Venturi tube [2,5].
Taylor studied the secondary flow in a rectangular bend [6].
In the past 20 years, the advantages of low cost and high
reliability of elbow flowmeter have attracted many scholars
again. Einhellig [7], Deneux [§], Yuan [9], Lannes [10] and
Zhang Lin [11] introduced concept of an elbow flowmeter to
various application contexts.

Some new measurement methods such as PIV and
numerical simulation technology are also applied in recent
research. In the aspect of experimental research, Ikarashia
and Taguchi analyzed the influence of curvature on the
flow field [12-15]. Visualization method is introduced into
Fujisawa’s study about the mass transfer characteristics in
the elbow [16]. In terms of numerical analysis, Wang [17],
Zhu [18], Qiao [19-21], Mazumder [22] simulated the two-
phase fluids in the elbow by CFD. Gogolin shows
relationship of cross section shape and the flow character-
istics [23]. Deneux [8] and Rawat r [24] pointed that a
validated CFD method can accurately predict the flow field
in the elbow flowmeter.

The widely accepted formula for the mean velocity
calculation in the elbow flowmeter is as follows:

Fig. 2. Geometric Dimension of the Elbow Flowmeter for theory.
The outlet of elbow flowmeter is vertical upward. The elbow
flowmeter rotates at the revolving speed of N,. L is the distance
between bend curvature center o and rotating shaft. V is the
average flow velocity of the fluid in pipe. g is the acceleration of
gravity. a. is the centrifugal acceleration outward along the
radius. Sign for angle, 6, is the angle between the axis of the
pressure tap and the direction of gravity, and also the rotation
angle of the pressure tap relative to the inlet of the elbow.

Or

where, Vis the average velocity of the working medium in
the elbow, « is the discharge coefficient, R is the radius of
the center line of the elbow, D is the inner diameter of the
elbow pipe, AP is the pressure difference between inside
and outside of the elbow, p is the fluid density in the elbow.

Due to the complexity of the flow in the elbow, there are
many factors that will affect the discharge coefficient of the
elbow. So far, the discharge coefficient can only be obtained
by flow calibration experiments [1]. In the conventional
application, the gravity pressure difference caused by the
height difference between the inner and outer pressure taps
of the elbow is so small that can be ignore or averted. When
the elbow flowmeter is used in rotating state, the
environmental acceleration will have an important influ-
ence on the pressure distribution of the flow field. However,
the research of the elbow flowmeter in acceleration field is
still in a blank.

2.2 Theoretical analysis of the metrological
characteristics of elbow flowmeter under rotating state

The biggest difference between the application of the elbow
flowmeter in rotating equipment and conventional appli-
cation is the introduction of centrifugal acceleration caused
by rotation. In Figure 2, a topological structure of the
elbow meter, in which the outlet is vertical upward,
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is stated. The figure shows an elbow flowmeter with the
revolving speed of N,. L is the distance between bend
curvature center o and rotating shaft. V is the average flow
velocity of the fluid in pipe. g is the acceleration of gravity.
a. is the centrifugal acceleration outward along the radius.
Sign for angle, 6, is the angle between the axis of the
pressure tap and the direction of gravity, and also
the rotation angle of the pressure tap relative to the inlet
of the elbow. For this type of flowmeter, the differential
pressure is defined as the difference of the pressure
measured at the inside and outside position of one elbow:

(3)

The differential pressure is composed of three parts.
The centrifugal acceleration generated by the rotation of
the elbow around the shaft has a component along the
pressure tap axis. This component acts on the fluid
contributes to the pressure difference AP,, which is named
revolving speed term. The component of gravity accelera-
tion acting on the fluid along the axial of the pressure tap
produces a pressure difference AP, which is named grawvity
term. The centrifugal acceleration caused by the fluid
turning in the elbow come into being the pressure difference
AP; along the bending radius (i.e. the pressure tap axis),
which is called fluid wvelocity term in the following
parts.

The revolving speed term is independent from the flow
velocity of the working medium. Only the centrifugal
acceleration generated by the rotation of the equipment
should be integrated along the axis of the pressure tap:

2 N 2 L+(R+Q)
APa:p< i ) sin(e)/ Ll
60 .

+a-p)

APtotal = Pout - Pin-

(4)

This equation can be simplified to
AP, = pDa,sin(6) (5)

where

4 — <2”N > LiR). (6)

60

The gravity term is the same as the rotational speed
term
AP, = pDgcos(6). (7)
Assuming that the velocity in the elbow is uniform,
according to Newton’s second law, the velocity term is:

V2

AP, = pD iR (8)
Because the velocity distribution of fluid in the elbow is

not uniform actually, the calculation result of velocity term

will be different from the truth value. Therefore, the

relationship between the pressure difference measured at

the pressure tap and various influencing factors are

as follows:

APtotal:APa+APg+APt
2

= pDa,sin(0) + rpDgcos(6) + pDVE (9)

where, A = 1 when the outlet of the elbow is upward, A = —1
when the outlet of the elbow is downward, A =0 when the
gravity effect can be ignored.

Explanation of A: in Figure 2, when the outlet of the
elbow is vertical upward, the position of the pressure tap on
the outer walls of the elbow is lower than that on the inner
walls in the vertical direction, and the direction of the
gravity term is the same as the other two centrifugal
accelerations, so that the gravity term is positive. If the
elbow shown in Figure 2 is turned over along the horizontal
line, then the outlet of the elbow is vertical downward,
direction of gravity term is opposite to the other two
centrifugal accelerations and make the value negative.
When the elbow outlet is horizontal, or in a situation that
gravity has little effect on the differential pressure, the
gravity term is 0.

Considering factors ignored in the simplified calcula-
tion, such as Reynolds number, pipe inner face roughness,
secondary flow etc., a discharge coefficient should be
introduced into the calculation formula of the average flow
velocity of fluid in the rotating elbow flowmeter. According
to the traditional custom, we can formalize formula (9) into
formula (10) with reference to formula (1). The formula has
only one discharge coefficient, and the fitting process can be
relatively simpler.

v a\/EAP;otal + [~ Ra,sin(6)] + [~Rrgcos(6)] (10)

D

However, because the mass transport process of the
working fluid in most sections of the elbow tends to
the inner region [18] while flowing past the bend, the true
value of the velocity term in the equation is smaller than
the calculated value. At low flow rate, even the radicand in
equation (10) is negative, resulting in the failure of the
formula. In order to ensure the validity, it is necessary to
take more accurate corrections to each item in the formula.

By means of multiple regression, according to the actual
measured differential pressure value, the three terms from
equation (9) are adjusted by the discharge coefficient «,, «
and o respectively.

g

EAPtotal _

D p o, sin(0) Ra, + aghcos(0)Rg + o,V (11)

Through the real flow calibration, the calculation
formula for the velocity V in the pipe can be obtained after
calculating three discharge coefficient values.

o 1 RAPtotal Qg . (o7
V= \/Ott D » + o [—sin(0) Ra.| + o [—X cos(0) Rg]

(12)
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Table 1. Grid independence verification.

No. Flow velocity Differential pressure Number of Differential pressures
at inlet from experiments grid nodes from simulations

1 ) 500 K 206.477 Pa

2 2 L/min 207 Pa 780 K 206.258 Pa

The calculation formulas for mass flow rate and volume
flow rate of the elbow flowmeter under rotating state are as
follows

nD?
="
% \/ath);tl + Z—t [—sin(f)Ra.] + %i [~ cos(0) Ry
(13)
nD?
Qu = 3 P

1 RAPtotal Ug . Qg
X \/Olt D, + o [—sin(0)Ra.] + o [—X cos(0) Ryg]

(14)

where, @)y is volume flow rate; @) is mass flow rate.

2.3 Simulations

Due to the strong disturbance from centrifugal and Coriolis
force on the flow, the elbow flowmeter under rotating state
can accurately get the relevant discharge coefficient only
through the experimental calibration. In this paper,
according to the rotating equipment shown in Figure 1,
a fluid model close to the real size is established, and the
CFD software is used for numerical calculation. The
calculation results verify the feasibility of the above
discharge coefficient acquisition method.

2.3.1 CFD model

Two kinds of bend pipes with inner diameter of 10 mm and
15mm, the radius to diameter ratio of the elbow (R/D)
equals to 1.5 were selected for analysis. In the two analysis
groups, the straight pipe has the same inner diameter as the
bent pipe.

Considering that the rotation increases the complexity
of the flow field, a fluid simulation model including almost
the whole flow path on the rotating equipment is
established according to the physical scene (Fig. 3). The
RNG k-¢ turbulence model is used to obtain a better
solution accuracy near the wall and to track the pressure
change near the wall.

2.3.2 Boundary condition

The present literatures show that the wall roughness has
little effect on the metrological characteristics of the elbow

d

)
O
Revolving Speed =Nr | <
v‘ B
Elbow Flowmeter
i

Fig. 3. Topology of 3D fluid simulation model (mm).

flowmeter, so the wall of in this model is set as smooth and
non-slip. Inlet velocity and outlet pressure are used as
boundary conditions. The inlet flow velocity starts from
0.5 m/s and stepwise increases to 5m/s with the interval of
0.5m/s. The rotational speed of the model is given by
revolutions per minute (r/min), and gradually increases to
500 r/min at intervals of 50 r/min from motionless.

2.3.3 Grid independence verification

After boundary layer is modeled, and the grid indepen-
dence is verified. The number of optimized grids is 1.5
times, 2 times and 3 times of the original grid. The
calculated differential pressure at 6=45° position is
compared with the measured differential pressure by
previous experiments in Table 1. It is considered that
the number of grid nodes in the order of 5x10° can meet the
calculation requirements.

2.3.4 Calculation setup

The pressure taps are set at three locations (22.5°, 45° and
67.5° count from the inlet), where the 90° elbow is divided
into four equal parts, to obtain the differential pressure
values (denoted by APy s, APs5e and APgrs) under
different working conditions. As soon as the simulation
results are obtained, such differential pressures were
treated as the dependent variable to calculate the discharge
coefficients.
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Fig. 4. Velocity Field and Secondary Flow Distribution under Different Conditions.

3 Results and discussion
3.1 Flow velocity and pressure distribution

Figure 4 compares different velocity distribution on the
central plane of the fluid and the secondary flow
distribution on multiple cross sections under the working
conditions of revolving speed from static to 400 r/min and
velocity from 1m/s to 5m/s. It can be seen that: (1)
Compared with other sections, the secondary flow is always
the smallest at the 45° section of the elbow, no matter the
states if static or rotating; (2) under rotating condition, the
secondary flow in the elbow no longer distributes sym-
metrically with respect to the central plane of the elbow,
but deflects to one side, and even turns into annular flow
along the inner wall of the pipe, and the fluid advances in a
spiral shape; (3) with the increase of rotating speed, the
velocity field at the elbow tends to be uniform. The great
change of secondary flow distribution during rotating is due

to the introduction of large Coriolis force caused by
rotation, which is much greater than that caused by fluid
turning in the elbow.

The uneven flow velocity distribution on the inner
interface of the elbow will dramatically affect the
calculation accuracy for the welocity term. For further
analysis of the relationship between the nonuniformity of
velocity distribution in the elbow and the rotating speed, as
well as the influence of flow velocity, the flow uniformity
coefficient 8, defined by TAO Hongge [25], in the pipe
section is defined. The closer § is to 1, the more uniform the
velocity distribution is.

_ Vo=Vl
Vin

where, V, is the area weighted average velocity, V,, is the
mass weighted average velocity.

The variations of the flow uniformity coefficient § of
each section in the pipe changes with different flow velocity

5=1 (15)



.97 1

Uniformity Coefficient &
(=]

Y. Wang et al.: Int

—8— stational
—8— stational
—A— stational

—v— 100
—&o— 100
—<4— 100
— — 300
—o— 300
—k— 300
—a— 500
—a— 500
—+— 500

r/min
r/min
r/min
r/min
r/min
r/min
r/min
r/min
r/min

@ 22.5°
@ 45°
@ 67.5°
@ 22.5°
@ 45°
@ 67.5°
@ 22.5°
@ 45°
@ 67.5°
@ 22.5°
@ 45°
@ 67.5°

Flow Velocity (m/s)

Fig. 5. Variation of Flow Uniformity Coefficient. The variation
of the flow uniformity coefficient § of each section in the pipe
changes with different flow velocity.

30000
£ 20007 —— In/s @ 22.5°
° —— Im/s @ 45°
o o
5 500004 —— 1m/s @ 67.5
2 —— 3m/s @ 22.5°
£ —— 3m/s @ 45°
15000 1 —— 3m/s @ 67.5°
S —— 4m/s @ 22.5°
= —— 4m/s @ 45°
% 10000 4 —— 4m/s @ 67.5°
+ —— 5m/s @ 22.5°
= —— 5m/s @ 45°

5000 —— 5m/s @ 67.5°

T T T T T T T T T T T T T 1

T
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700
Revolving Speed (r/min)

Fig. 6. The change of differential pressure for each position. The
differential pressure of elbow flowmeter (diameter is equal to
10 mm) in a variety of conditions and different taps.

is shown in Figure 5. It shows again that the flow
uniformity increases with the increase of revolving speed no
matter with the tapping positions. Under the same
revolving speed, the flow uniformity changes in the
opposite direction from the flow velocity.

The differential pressure of elbow flowmeter (diameter
is equal to 10mm) in a variety of conditions are stated in
Figure 6. It can be seen that the increasement of differential
pressure is growing faster than that of flow velocity, and
only the differential pressure measured at 67.5° position
can keep monotonically increasing. AP;s and APg; s
decrease firstly and then increase during the low revolving
speed range. Some researchers [26,27] present an idea that
the secondary flow is proportional to the flow velocity and
plays an important role in pressure distribution. The
pressure drop increases with velocity in the laminar flow

. J. Metrol. Qual. Eng. 12, 24 (2021)
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Fig. 8. Uncorrected Calculated Flow Velocity Compared with
True Value.

region, but may experience a period of decrease in the
transition and turbulence regions. It might be the reason
for those lines represent non-monotonicity. Because in the
situations of relative low revolving speed, the fluid velocity
term take a larger proportion in the total differential
pressure, hence the influence of the velocity field on the
pressure field is easier to be observed. Figure 7 shows this
pressure feature again in contours.

3.2 Extraction of discharge coefficient
3.2.1 Low-flow measuring characteristics

Differential pressure APy, AP, and APg; s are
extracted at different speeds situation and used in
equation (10) to obtain uncorrected flow velocity, then
marked with the color of data points in Figure 8. The black
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Table 2. Discharge coefficients and prediction accuracy.

Diameter Radius to

Relative Error(%)

Tapping o, ag o
Di ter Ratio Positi
(mm) rmeter fatlo - Fosthion Mean Variance 95% Confidence Interval
Lower Upper
Bounds Bounds
10 1.5 22.5° 0.1125  0.0473 1.1150 -0.04 2.35 -0.37 0.29
10 1.5 45° 0.1066  0.1071 1.1087 0.00 1.03 -0.21 0.22
10 1.5 67.5° 0.1045  1.1782 0.9431 0.02  0.29 -0.10 0.13
15 1.5 22.5° -0.0447 1.8912 0.9238 0.12 1.39 -0.13 0.37
15 1.5 45° 0.1028  0.7914 1.0941 -0.10 1.95 -0.40 0.19
15 1.5 67.5° 0.0999  1.8638 0.9490 0.07  0.99 -0.14 0.28
1.5 22.5° 0.0005 6.0468 1.1150 4.90  325.73 2.23 7.57
Colligation 1.5 45° 0.1038  0.1367 1.1055 0.27  2.21 0.04 0.49
1.5 67.5° 0.1012  1.3943 0.9483 0.20 1.69 0.01 0.40

The “Colligation” in the first column means the calculations of discharge coefficients are based on the data gathered from the elbows

which are under the diameters of 10 mm and 15 mm.

square points in the figure indicate that the part within the
root sign in equation (10) is negative under this condition,
and the calculation formula is not available. It can be seen
that, when the flowmeter is in static state (the revolving
speed is 0), the calculation results of the whole revolving
speed and velocity range are of little deviation. While, in
the low velocity and high revolving speed area, the flow
velocity in the bend cannot be calculated according to the
formula (10). The reason is that, with the increase of
rotating speed, the influence of environmental acceleration,
especially centrifugal acceleration, on the pressure distri-
bution increases rapidly, so that the velocity term is less
than the sum of revolving speed term and gravity term.
With the increase of the fluid velocity, the wvelocity term
increases, while the acceleration environment remains
unchanged at the same speed. When the velocity term is
greater than the sum of the revolving speed term and the
gravity term, equation (10) make sense, otherwise the
equation will be false.

In the condition of stationary, according to the
differential pressure values collected from different posi-
tion, the relative error between calculation result and the
value given at the inlet boundary are shown in Figure 9,
and refers to the percentage deviation between the
calculated result and the true value. It can be seen that
as flow velocity increases the relative error decreases and
tends to be stable. On one hand, with flow velocity
increases, the velocity distribution on the elbow section
becomes more and more uneven, and the value of velocity
calculated using average velocity from equation (8) is lower
and lower than true value. On the other hand, the relative
error in the low velocity region changes dramatically,
which will result in the error of velocity calculation formula
much higher in low flow velocity region. The low flow
velocity range should be abandoned when fitting formula,
which means, a certain lower range limit should be set for
the elbow flowmeter.

2
B 154

s ;
£ 107 — 22.5
[45) — 45°
S 5 —— 67.5°
o

i

<

R

)

(=

0 1 2 3 4 5
Flow Velocity (m/s)

Fig. 9. The Relative Error of The Uncorrected Velocity
calculated in Stational State. The relative error refers to the
percentage deviation between the calculated result and the true
value which has been given at the inlet boundary.

3.2.2 Fitting of discharge coefficient

Since in the low flow velocity area the fitting error of
discharge coefficient is large, when fitting the discharge
coefficient, the data with the inlet velocity less than 1.5 m /s
is discarded. Differential pressure values are collected at
the position of 22.5° 45° and 67.5° of the elbow, and the
discharge coefficients of each group are obtained by
regression analysis to the two specifications of the elbow
flowmeter. Then a statistical analysis of the relative error of
the modified flow rate calculation is conducted, and the
results are summarized in Table 2, from which we can see
that: (1) the fitting precisions of the discharge coefficients
at three pressure measuring positions are close, and the
relative error after fitting process is mostly below 4%;
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Fig. 10. Measurement Error of the Elbow Flowmeter. According
to the discharge coefficients derived from differential pressure
fitting at 45° position, the velocity calculation of the flowmeter
with 10 mm diameter is shown by the point. The color means the
relative error.

(2) the measurement results of 22.5° pressure tap are the
most unstable; (3) the measurement results of 67.5°
pressure tap are the most stable; (4) the more the pressure
tap moves downstream, the smaller the relative error of
measurement; (5) the correction factor «, of revolving
speeds are all less than 1 at different pressure positions; (6)
The correction factor «, of flow velocity are all close to 1 at
the same pressure position; (7) for elbow flowmeters with
same radius to diameter ratio, even if the inner diameters
are different, as long as the pressure measuring tap is set at
the middle and downstream positions of the elbow, the
same correction coefficient can be used for measurement,
and the error is within 5%, besides, the measurement
results are generally higher.

As the elbow flowmeter with 45° pressure tap has no
direction requirement, it is recommended to be used in
practical application. According to the discharge coef-
ficients derived from differential pressure fitting at 45°
position, the velocity calculation of the flowmeter with
10 mm diameter is carried out and the result is shown in
Figure 10. The relative errors of the calculated values are
indicated by color in the figure. It can be seen that the
differential pressure is positively related to flow velocity
and revolving speed, and the relative errors calculated
under low velocity range are larger.

4 Conclusions

In this paper, the metrological characteristics of elbow
flowmeter in rotating state are analyzed by both theoretical
analysis and CFD simulation. We have derived a new
calculation formula of the flow rate and a discharge
coefficient fitting strategy, which can be credibly used in

the measurement of flow rate in the rotating tube to a
certain extent. The results show that elbow flowmeter is a
suitable type of instruments in rotating machinery because
of high reliability and certain accuracy. In the application
scenarios which are involved in flow measurement under
rotating state, such as liquid-cooled rotor of generator and
centrifuge for rotating distillation, elbow flowmeter has the
advantages of saving space and reducing cost. However,
like other flowmeters, elbow flowmeters are not good for
very small flow metering. Due to the current research
conditions and application requirements, the metering
characteristics of the rotary elbow flowmeter at higher flow
rates have not been studied. The flow rate characteristics of
the fluid under higher flow velocity in the elbow flowmeter
should be further explored in the later work.

This work was supported by Dongfang Electric Machinery Co.,
Ltd for the study of rotor cooling.
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