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In order to solve the dilemma between the smaller pressure loss and the larger flow measurement signal in traditional throttle flowmeters, a
throttle structure with the inner-outer tube was designed and analyzed. The mathematical relationship model deduced from hydrodynamics
showed there were three major parameters to determine the designed throttle structure. Furthermore, the optimal results were achieved by
combining orthogonal test design and computational fluid dynamics by taking the ratio of differential pressure of inner-outer tube divided
by that of anterior-posterior tube as the optimization goal. Finally, the simulation results with the best level parameters showed that the
differential pressure of the anterior-posterior throttle could remain not only the smaller value among other parameters with the same
structure of inner-outer tube. On the other hand, it was about one order magnitude less than differential pressure of V-cone flowmeter in
the similar installation conditions with the flow velocity varying from 0.5 to 3.0 m/s. The designed inner-outer tube flowmeter can not only
save manufacture costs, but also avoid the large sensitivity of pressure sensors, which may lead to a broader application in chemical and
petrochemical enterprises.
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1. INTRODUCTION The pressure loss is quite an important factor to evaluate
performance of the throttle flowmeter [11]-[12]. On one
hand, it is related to the energy consumption where the
smaller pressure loss means less energy to be transported

. . . . than normal to the equal distance. On the other hand, the
multi-phase analysis [2], and viscous fluid measurement [3], differential pressure of the throttle element is used to

etc. With the development of economy and industry, more  e;qure the velocity or volume flow, where the bigger value
aqd more requirements are put f(?rward to measure flows g required to improve the flowmeter sensitivity. There
with high precision and great efficiency [4]-[5] based on the  ceurs a dilemma between the fluid transportation and the
measuring laws, the measured fluids and the installation  flow measurement for traditional throttle flowmeters.
conditions. To solve this problem, a modified flowmeter called the
The differential pressure flowmeter (DPF) [6]-[7] isone of  inner-outer tube throttle flowmeter, was designed and
the most widely used flow instruments rooted in the throttle  simulated in this paper. Different from the V-cone
effect, where the throttle differential pressure is proportional ~ flowmeter, two pressure pores were located in the straight
to the volume flow square. Both standard orifices and  section to measure the differential pressure signal between
nozzles are popular types of throttle flowmeters, which were  the inner-outer tube, rather than the anterior-posterior
apphed in industrial production because of easy production’ throttle, which can not only bring less throttle effects on the
low cost and no calibration under standard conditions. ~Pressure drop, but also provide more stability of the pressure
However, the traditional DPF has a smaller range ratio, signals and better economy with the designed structure 9f
bigger loss of pressure and higher requirement of field the 1nner-oqter tube. Therefore, the modlﬁefi ﬂ.owmeFer is
installation, and these shortcomings restrict seriously the worth studying further both theoretically and in simulations.

broad application of throttle flowmeters. Therefore,
researchers have designed and developed many new types of
flowmeters, such as spindle, Venturi tube [8]-[9], and V- Considering the complexity of the flow, three hypothesis
cone flowmeters [10]. conditions are listed as follows:

As a measuring tool in modernized production coexisting
with energy crisis, more and more professions depend on the
flow measurement, such as mechanical ventilation [1],

2. THEORETICAL FOUNDATION
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1). The flow is supposed to satisfy the laminar cases;
2). Any flow line does not change from Area 1-1 to 2-2;
3). The thickness of pipeline can be regarded as 0.

! 2

_ — — — Passage 2

- — — —» Line 1
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~ 2 _Vy, Line 2
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Fig.1. Structure of modified inner-outer tube throttle flowmeter.

According to the Bernoulli principle, Lines 1 and 2 (Fig.1.)
satisfy the following equation,
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where o is the fluid density, kg/m?; po is the absolute
pressure of 1-1 section, Pa; p; and p» are the inner and outer
pressure in 2-2 section, Pa; viand v are the inlet and outlet
velocity of Line k (k = 1, 2), m/s; wy and wp are the
viscosity losses of Line 1 and 2, J / kg.

Equations (1) and (2) can be changed into the average
velocity expressions, respectively:
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where v, and v', is the inlet/outlet average velocity of Line
k (k =1, 2), m/s; w, andw,, are correspondingly the

average viscosity losses of Lines 1 and 2, J/kg.
Therefore, the differential pressure of the inner point p;
and the outer point p, can be calculated:
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where 7,1 is the route loss of Line 1, J/kg, which can be
calculated by the route loss equation of straight pipe when
the flow passage is not very long,

h _ 8/1[ . qvl
Zi 4
npg r

(6)

and 4, is the route loss of Line 2, J/kg, whose equation is
based on the route loss equation of different diameter pipe,

8ul
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h:1, the local loss of Line 1, which can be obtained based on
the diffuser tube equation,

77
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and Ay is the local loss of Line 2, which can be calculated
according to the nozzle tube theory,
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where [ is the length of flow passage, m; u is the dynamic
viscosity, Pa - s, g, and ¢,» are the volume flow of Passages
1 and 2, m%/s; r is the hydraulic radius of Passage 1, m; R is
the pipe radius, m; g is the gravitational acceleration,
9.8 m/s> normally; ¢ and ¢ are the different local loss
coefficients, meeting the following equations,

A Sior 1 S

= same G RS (10)
2 S, .2

Camarl G (11)

where 6 is the cone angle; 1 is the route loss coefficient of
the diffuse (or nozzle) tube; « is the cone angle coefficient,
related to 6; Si and Si' are the area of 1-1 and 2-2 in Passage
1; S> and S>' are the area of 1-1 and 2-2 in Passage 2, seen
from Fig.1.

Considering the flow passage is relatively short (< 150
mm), the values of both /;; and %,, are thus small and far
less than the corresponding local losses, A;1 and Ay, based
on (6) and (7). Therefore, the route losses can be neglected,
that is, h;1 — b = 0.

According to the fluid dynamics [13], any velocity v* on
the cross section satisfies (12) when the fluid moves in the
round pipe with the radius of R,

*2

V' :2%(1—;—2) (12)
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where vy is the average velocity through the cross section of
pipe, vo= ¢, / (tR?), among which g, is the flux of the cross
section with the area of mR?; r" is the radius corresponding to
the velocity v".

Firstly, the flux g1 of the inlet section S; in Passage 1 can
be solved based on (12),

2 2

-
2R2)
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2
.
¢, = 2v,(-)ds = g, 21 (13)
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Secondly, according to the law of mass conservation, the
flux ¢.» of the inlet section S is,
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And then the average inlet velocities of S} = 7% and S, =
n(R?>-r?) are expressed respectively as,

2 2
7

— qvl 2QV qv r
V=== 1- = 2—— 15
b nRz( 2R2) nR2( R’ (1)
o,

q,(0-—5 2
= qv2 R qv r
y,="2=——& -2 (]-— 16
1S, w(RP-rY) nRZ( R’ (16)

Considering the continuous equation of Passage 1 and 2,

g, =vS, =v'S’ (17)

4, =S8, =1,'S," (13)

the average outlet velocities of Si' = 7?2 and $»' = n(R? — r?)
can be transformed from the above expressions,
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Finally, the following expressions can be deduced for use
in the next paragraph,
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And Ap can be calculated according to (5) and (21)~(24),
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If 7=~1-7"/R* is the radius ratio of inner-outer tube,
8 =r/r' is denoted as the radius ratio of the inner flow
passage, and 8'=+R? =1 /\JR* —r" is regarded as the
equivalent radius ratio of the outer flow passage, Ap can be
simplified as:

2

P 49,
Ap =5n2R4 (a—b) (25)
where a=(1+7")"[1-8" +p(1-5")1;
b=n"[1-6"+(1-6")];
@=A1-(1-1") —x(2-17)]/[8sin(0/2)];
C=A1-1-172)*1/[8sin(0/2)].
And the volume flow of ¢, can be also simplified as:
k> [2Ap /2Ap
q, = —=C-5,|— (26)
Na-b\ p P

where S is the area of round pipe, S = nR?; C is the discharge
coefficient of the inner-outer tube,

Based on (25), we can express C as the calibration
expression,

9, v

C= -
S\28p/p \2Ap/ p

where v is the average flow velocity of the round pipe,

@7

v=gq,/S.

Seen from (25), the relation between the volume flow and
differential pressure depends mainly on three factors,
namely, the big radius 7', the small radius », and the cone
angle 6, and can be independent of the fluid pressure. On
one hand, these factors can be regarded as the structural
parameters to design the inner-outer tube throttle flowmeter.
On the other hand, they have significant influence on the
differential pressure of inner-outer tube in complex flow
states, although the expressions above are derived from the
condition of laminar flow.
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3. SIMULATION AND ANALYSIS OF FLOWMETER
A. Orthogonal test

To find the best performance of the inner-outer tube
throttle flowmeter, those 3 factors should be considered to
design the orthogonal test. The test times will be quite long
when a comprehensive test is carried out. Considering 3
factors at 3 levels full test, we need as many as 33= 27 test
times, which will increase test difficulty so much that the
comprehensive test cannot be conducted -effectively.
Therefore, the orthogonal test method can be used to find
the best combinational plan effectively when using partial
and representative points to replace full test points. Taking 3
factors-levels test as an example, an orthogonal test needs
only 9-group tests instead of 27-group tests, which will
greatly reduce the test work.

Based on the orthogonal test design theory, 3 factors-
levels test plan with Lo (3*) orthogonal table was carried out
to design the structure parameters of the inner-outer tube,
such as the small radius r, the big radius 7', and the cone
angle (called also the diffusion angle) 6.

The type of tested fluid pipe is U-PVC 32*2.4. That is, the
outer radius of pipe is 16 mm and the inner radius is 13.6
mm. According to the pipeline conditions, the big radius (r')
of inner-outer tube can change from 6 to 12 mm, and the
cone angle (#) varies from 6° to 8°. If taking directly 3
parameters as 3 factors to prepare the orthogonal test design,
there may be some invalid plans where » may be equal to or
even greater than 7. In order to avoid these unrealizable
cases, the radius ratios, ¢ =r/r'<1, can be defined to
replace the small radius as the new factor for orthogonal test
design. Table 1. shows these factors (named A, B and C)
and their values of corresponding levels (1, 2 and 3), and
hence produces the Ly(3*) orthogonal table (Table 2.).

Table 1. Values of 3 factors at 3 levels.

Factor A, ¢ B, r' (mm) C, 00
1 0.5 6 6
Level | 2 0.65 9 7
3 0.8 12 8
Table 2. Orthogonal test design of Lo (34).
Plan No. A ¢ B, r' (mm) C a0
1 1(0.5) 1 (6 mm) 1(6°)
2 1 2 (9 mm) 2(7°)
3 1 3 (12 mm) 389
4 2 (0.65) 1 2
5 2 2 3
6 2 3 1
7 3(0.8) 1 3
8 3 2 1
9 3 3 2

B. Fluent simulation

To calculate the differential pressure with the flowmeter
parameters in Table 2., the computational fluid dynamics
(CFD) method was adopted.

Gambit was used to establish 9 groups of 3-D models
based on Table 2.; the unstructured tetrahedral grids were

meshed (Fig.2.) to adapt to the complex model of inner-
outer tube; and finally the meshing model was imported to
the Fluent software.

Fig.2. Meshing the inner-outer tube of Plan 1 (¢ =0.5, 7' =6
mm, @ = 6°) with 109133 unstructured tetrahedral grids.

The pressure-based solver, absolute velocity equation and
steady state flow were set as the basic setting of Fluent. The
RNG-based k-¢ was treated as the turbulent model, because
it is more accurate and reliable for a wider class of flows
than the standard k-¢ [14]. The water was used as the testing
fluid in room temperature with the common velocity of
0.5~3.0m/s moving in the test pipe, whose minimal
Reynolds number (Remin) was greater than the critical
Reynolds number of round pipe (Re.=2000 ~ 2600),

Vond  0.5x0.0272
Remin = = .
v 1.006x107¢

~13159 > Re,

where d is the internal diameter of the test pipe,
d=272mm; v is the kinematic viscosity of water,
v=1.006 x 10°m?s; vmin is the minimum average inlet
velocity, vmin = 0.5 m/s.

For the incompressible fluid, the velocity inlet and outflow
were set to the inlet and outlet of the boundary conditions,
and the wall was set to both the throttle and pipe.

C. Simulation results

Fig.3. shows the differential pressure of the inner-outer
tube and the anterior-posterior throttle, denoted as Api, and
Apap, respectively, which were calculated under 6 velocities
from 0.5 to 3.0 m/s. According to Fig.3., both Api, and Apap
increased with the increase of flow velocity. They were of a
similar variation trend, and reached the relatively larger
values when ' = 12 mm (corresponding to Plans 3, 6 and 9)
and the smaller values when 7' = 6 mm (equivalent to Plans
1,4 and 7).

3.5x10"
Q —8— Ap;,(v=0.5m/s) —C— Ap, (v=0.5m/s)
3.0x10" [\ —a—apivt.omis) ——ap, v=1.0mis)
. I \ —— Ap,(v=1.5ms) +Apap(v=1,5m/s)
£ 2.5x10° [\ —— AP, (V=2.0mis) —7— Ap,(v=2.0mis)
E I ’u’\ —h—Ap;,(v=2.5m/s) —=— Ap, (v=2.5mis)
§ 2.0x10" [ AN —o— 4p;,(v=3.0mis) —o—ap, (v=3.0mis)
o
T 1.5x10"
k]
& 4
% 1.0x10"
o
5.0x10°
0.0

Plan No.

Fig.3. Differential pressure curves (Apio and Apap) of 9 plans
under different flow velocities from 0.5 to 3.0 m/s.
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D. Analysis of variance

If the flowmeter pursued only the biggest differential
pressure of the inner-outer tube (Apio), differential pressure
of the anterior-posterior throttle (Apap) would increase to the
maximum value at the same time, which could cause a large
increase of power cost. In order to achieve reasonable and
economic parameters, both differential pressures should be
considered simultaneously, and thus a dimensionless factor
named the differential pressure ratio y was defined as,

y=4p,/ Ap,, (28)

Based on the defined factor and simulation results, the
analysis of variance (ANOVA) was performed firstly. Table
3 provides the F value of different factors, such as A, B and
C (detailed meaning shown in Table 1.). Table 3. and
Table 4. show three factors (A, B and C) had no significant
differences under flow velocities of 3.0 m/s. The strange
inference came from the non-merged factors, which caused
the mean square less than that of the error (Table 4.).

Table 3. Result of ANOVA of differential pressure ratios
under different flow velocities of 3.0 m/s.

smaller the big diameter 7' is, the bigger ratio of differential
pressure can be achieved. This conclusion could be verified
from the following Fig.4., where Plans 1, 4 and 7 achieved
the bigger ratio because there was the smallest big diameter
(r'= 6 mm) in the plans above.

Table 5. Details of re-ANOV A under velocities of 3.0 m/s.

Factor | prtodom | Square | Square | ¥
B 2 0.065121 | 0.032560 | 6.2346
Error* | 6 0.031335 | 0.005223

Sum |8 0.096456 | Fio05(2,6)=5.14

gloa.n A B C Ratio ()

1 1 1 1 0.707

2 1 2 2 0.427

3 1 3 3 0.387

4 2 1 2 0.631

5 2 2 3 0.44

6 2 3 1 0.413

7 3 1 3 0.491

8 3 2 1 0.41

9 3 3 2 0.499

T 1.521 1.829 1.530

T, 1.484 1277 1.557 g :;‘;(;522
T3 1.400 1.299 1318 S 00965
SS 0.002563 | 0.065121 | 0.011422

Table 4. Details of ANOV A under velocities of 3.0 m/s.

Factor | prtodom | Square | Square | ¥

A 2 0.002563 | 0.001281 | 0.1477
B 2 0.065121 | 0.032560 | 3.7532
C 2 0.011422 | 0.005711 | 0.6583
Error 2 0.017351 | 0.008675

Therefore, Factors A and C can be merged and appended
to the error, because they seem to have no effect on the
differential pressure ratio. Table 5. is the result of re-
analysis of variance, where Factor B or the big diameter
could be regarded as the significant factor. That is to say, the

72

E. Range analysis

From the intuitive view, the level A;B;C; of Plan 1
seemed to reach the largest value of differential pressure
ratio among 9 plans in Fig.4.

0.680£0.030 —O—v=0.5mis —=—v=1.0m/s
0.7 e ® —&— v=1.5mls v=2.0m/s
. &4 0.67920.032 v=2.5m/s —®—v=3.0m/s
-
7:' 6k }\&58.)10.0:7
5 0.6 1
©
@ 0,51240.016
8
o |
e \\ , 0.464£0.023
5 0.5 /\
0
0
e \ N A
. \/
N

<AV

v L
4 5 6 7 8
Plan No.

T T
3 9

Fig.4. Pressure loss ratios of 9 plans under different
flow velocities from 0.5 to 3.0 my/s.

However, the deduced new level of A;B;C, mightreach a
larger value than Plan 1, after performing the range analysis
(Table 6.) based on simulation results.

Table 6. Range analysis of differential pressure ratio under
different flow velocities from 0.5 to 3.0 m/s.

Velocity | Range Factors

(m/s) Analysis A B C
Average ki 0.487 0.524 0.476
Average k> 0.457 0.409 0.492

0.5 Average k3 0.450 0.460 0.426
Range R, 0.036 0.114 0.066
Biggest level | 1 1 2

1.0~25 Biggest level | 1 1 2
Average ki 0.507 0.610 0.510
Average k> 0.495 0.425 0.519

3.0 Average k3 0.467 0.433 0.439
Range R, 0.040 0.184 0.080
Biggest level | 1 1 2
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Considering the test plans did not contain the new level of
ABC,, the corresponding simulation was performed more
with @ = 7°, ¥’ = 6 mm, ¢ = 0.5 under 6 velocities and the
results are displayed in Fig.4. and Table 7. The final result
showed that the average differential pressure ratio
( 7 =0.680%0.030) in the new level of A;B;C, was slightly
superior to Plan 1, which validated that range analysis could
find the optimal combination parameters with the help of
carefully designed orthogonal test.

Table 7. Simulation results of best level AiB1C> under
different flow velocities from 0.5 to 3.0 m/s.

Velocity AiB1C2:r=3mm, r'=6 mm, §="7°
(m/s) A pap (Pa) | A pio (Pa) y

0.5 114.3 71.5 0.626

1.0 395.0 263.3 0.667

1.5 841.3 576.4 0.685

2.0 1447.0 1005.8 0.695

2.5 2203.9 1547.4 0.702

3.0 3115.7 2203.5 0.707
Average 1352.9 944.7 0.680 £ 0.030

4. DISCUSSION
A. Discharge coefficient

Aimed at the best level of A;B|C,, the discharge
coefficient could be fitted as the slope of a line connecting

the root of differential pressure / Ap with the flow velocity v
based on (27) in Fig.5.

3.5 .
& /Ap, (Inner-Outer)
3.04 @ Ap,, (Anterior-Posterior) - ]
~~~~ v=0.06335,/Ap, (R*=0.9999) o

s 25 = v=0.05293,/Ap,, (R*=0.9995) - ,u,'
E -
> 20 &
g e
o 151 -
> L =
; i .’
0 1.0 S |
= . o -

054 s

0.0+~ : : . : :

0 10 20 30 40 50 60

Root of Differential Pressure, /Ap (Pa"®)

Fig.5. Discharge coefficient fitting based on the root of
differential pressure and volume flow.

As the highest ratio of differential pressure, the optimal
level of ABiC, was used to estimate the discharge
coefficient, shown in Fig.5. By fitting linearly between Q,

and two kinds of root of differential pressure (,/p, and

\J P, ), respectively, two slopes were in the same order of

magnitude, Kkap 0.05293 for the anterior-posterior
differential pressure and ki, = 0.06335 for the inner-outer

73

one. According to (27), the discharge coefficients could be
calculated as

k,  0.05293

J2p  J2x9982

=1.1846x107

v
C = =
T8, p

k,  0.06335

2P J2x9982

C, = =1.4178x107,

and

where the density of water at room temperature (20°C) is
£=998.2 kg/m’.

The calculation results meant two discharge coefficients
(Cap and Cjo) were in the same order of magnitude as well,
but Ci, was larger than Cap, which showed the sensitivity of
the inner-outer tube as the measuring unit was better than
that of the anterior-posterior throttle. Meanwhile, the fitting
determination coefficient (R?> = 0.9999) of the former was
slightly better than that of the latter (R>= 0.9995). That is,
the inner-outer tube is more competitive and more
convenient in some special cases, especially in the limited
space, because Apj, can be achieved only in the same section.

B. Differential pressure comparison between anterior-
posterior throttle and inner-outer tube

The Ap.p of the anterior-posterior throttle should be as low
as possible in virtue of the tremendous impact on the cost of
the fluid transmission, while the Api, of the inner-outer tube
may be taken as a higher value because it can reduce the
difficulty to measure the signal of differential pressure and
decrease the investment cost. Therefore, Api, and Apa, can
be maximized together to obtain the bigger Api, and smaller
Apap simultaneously. Furthermore, a dimensionless factor f
is defined in (28) to avoid different magnitude of differential
pressures and reduce the effect of the different fluid
velocities,

_ A]7i0 _Apap

f
Ap,,

_}/_1

Without considering the constant item, f could be
transformed to the differential pressure ratio y expressed in
(28). As a result, the deduced level of AiBiC; could provide
the best choice for the inner-outer tube flowmeter,
corresponding to the largest y.

The presented flowmeter adopted the inner-outer tube to
obtain another differential pressure Api, related to the flow
velocity, other than the traditional differential pressure Apap.
On one hand, the Apa, range of ABiCy was 110~3200 Pa,
obviously one order magnitude less than that of A;B3;C;
(Plan 3 in Fig.3.), and hence the power charge of the optimal
level could be reduced significantly. On the other hand, the
Apio of the optimal level is more than twice that of Plan §
(close to the smallest level). Thus, the measured signal Api,
can avoid high sensitivity of pressure sensor and decrease
the manufacturing expenses of the inner-outer tube
flowmeter because of the relatively large value of Apjo.
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As is known, V-cone flowmeter has been one of the most
popular throttle flowmeters in recent years, because of its
good performance and low pressure loss. To compare with
the inner-outer tube flowmeter presented in this paper, the
V-cone flowmeter was set to the parameters below based on
the popular researches [15]-[16]. The length of V-cone was
200 mm, and the equivalent diameter ratio was = 0.6, and
the diffusion angles were 60° (anterior) and 150° (posterior),
respectively.

Using the same boundary conditions as those of the inner-
outer tube flowmeter, the differential pressure of the V-cone
throttle in Fig.6. was compared with that of the inner-outer
tube and anterior-posterior throttle under the same flow
velocity. The simulation results showed that the sensitivity
of V-cone flowmeter was quite lower than that of the inner-
outer tube flowmeter (including Apa., and Api, as measuring
unit). According to the data, the differential pressure of V-
cone (Apv-cone) Was about 16 times of Api, under flow
velocities varying from 0.5 to 3.0 m/s, and hence the slope
of the output/input line for the V-cone flowmeter was only a
quarter of that for the presented flowmeter. It is no doubt
that the inner-outer tube flowmeter can both reduce more
operating cost than V-cone, and increase the sensitivity to a
great extent as the important factor for the flowmeter to use
more widely.

£ 5

E

o 4

£

o

© 3

(]

£

]

S 27 =

3 ——Bp, (k= 0.1325)
14 —Q—\/Fp (kap=0.1107)

¥ B (K, o= 0.0326)

T T T T
40 80 120 160
Root of Differential Pressure, ,/Ap (Pa"®)

200

Fig.6. Comparison of anterior-posterior differential pressure
between V-cone flowmeter and inner-outer tube flowmeter.

5. CONCLUSION

Firstly, a throttle element of the inner-outer tube was
designed and presented to solve the dilemma between the
smaller differential pressure (or pressure loss) and the larger
flow measurement signal in traditional throttle flowmeters.
Secondly, the mathematical model was deduced
theoretically based on the hydrodynamics, where there were
three major parameters (big radius 7', small radius », and
cone angle 6) to determine the structure of inner-outer tube.
Thirdly, using both Lo(3*) table of orthogonal test design and
CFD of Fluent software, the optimal results were obtained
by taking a defined ratio of the inner-outer differential
pressure Apj, divided by the anterior-posterior one Apa, as
the optimization goal. Finally, the optimal simulation results
("= 6 mm, r =3 mm and 6 = 7°) showed that the pressure
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loss of the anterior-posterior throttle could not only remain a
smaller value among other parameters with the same
structure, but was about one order magnitude less than that
of V-cone flowmeter in the similar installation conditions,
when the flow velocity varied from 0.5 to 3.0 m/s. The
lower pressure loss of Apa,, and relatively higher Ap;, as the
measured signal can save the manufacture costs and avoid
the large sensitivity of pressure sensors, which may lead to a
broader application in chemical and petrochemical
enterprises.
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