Critical flow sonic nozzles gas flow facility with
medium-pressur e and closed-loop pipelines

Sun Lijun, Feng Qiangian, Li Shengjie, Tang Bing and Zhang Tao
School of Electrical Engineering & Automation, Tianjin Key Laboratory of Process M easurement and Control,
Tianjin University, Tianjin 300072, China
sunlijun@tju.edu.cn

Abstract

The requirement of gas flow facility with high psese is
increasing. But, the experiences of developmentlibsed-
loop high pressure facility are not enough. Crititaw
sonic Nozzles gas flow facility with medium-pressuand
Closed-Loop pipelines at Tianjin University Flowh_avas
presented in the paper. The performance indexesfdtv
loop, the uncertainty analysis of the facility welescribed.
Discharge coefficient correction of nozzles at redi
pressure and the flow rate stability control weneven in
detail. The pressure of the facility is 0.3~1.6 Mitee flow
rate is 0.5~120 h at working status, the uncertainty is
better than 0.3%kE2).

I ntroduction

Gas flow facility with positive pressure is moresida
accepted by customer than that with negative pressu
the working condition of flowmeter under test i®s# to
that of meter at working field. The test under pusi
pressure condition is important for the flowmetehose
performance is impacted by gas density. The turigiag
flowmeter need test under pressure above 4 bartsas i
maximum working pressure is higher than 4 bar §j.the
requirement of the gas flow facility with medium bigh
pressure is increasing. But the cost of long-tarmrming for
high pressure facility is expensive because thgelg@ower
of gas source devices. So, most of high pressauiiitifs in
the world are online, especially for the calibratiof
natural gas flowmeter.

In order to improve the efficiency of the utilizari of high
pressure compressed air, gas flow facilities wikhsed-
loop pipeline were developed in the world, as &isdtes in
Tab 1. But, the experiences of development and gtghg
the closed-loop facility are not enough published i
references [2].

Critical flow sonic Nozzles gas flow facility witthedium-
pressure and Closed-Loop pipeline (for short, CN@aps
developed at Tianjin University Flow Lab (TUFL) @hi
as shown in Tab 1. The performance indexes, the flo
loop, the analysis of uncertainty of the CNCL fagilvere
described in the paper. Two key problems of flowera
stability control and discharge coefficient coriest of
sonic nozzles at medium pressure were presenidetail.

Flow loop of the CNCL facility

The flow loop of the CNCL facility was shown in Flgand
Fig 2. The CNCL facility includes two compressed ai

source systems. The double screw compressor, defdce
cleaning and drying the air, and the storage taakemup
the systeml. The system 2 was composed of theenegu
converter controlled piston type compressor, thpabg
pipe, the switch valves for pipeline structure csnsion
operation, and regulating valves for flow rate atipg. At
the stage of preparing the test work, dry air wiighv -65(
is imported into the closed-loop pipeline by theteyn 1.
As the pressure of pipeline reaches the set phiatsystem
1 stop working and then the system 2 propels th&aun
in the closed-loop.

Like most of the facilities with high pressure iall1, two
rotary flowmeters (Roots flowmeter) were adoptedtses
standard flow meter for its high repeatability. drder to
improve the uncertainty level of the facility, aokdeck the
meter factors of the rotary flowmeter periodicalthout
removing it out from the facility, critical flow sic nozzles
were included in the closed-loop pipeline. A pressu
regulating valve was set upstream the stagnatiiacting
pipe for changing the working pressure of nozzéesthe
working flow rate of nozzles can be adjusted cargirsly.
Considering the large pressure loss of sonic npzhie
ability of pressure improvement of piston type coegsor
is high. The piston type compressor in the CNClhviret
air pressure 0.6 MPa, output air pressure 1.6 MRlaaust
value 25 Nriymin, inlet air temperature<35 °C, output air
temperature<40 ‘C, motor power 90 kW.

By changing the condition of switch valves, the GNC
facility can run in the open-loop pipeline mode #ow
supplied by compressed air source system 1 ordhtig)
the rotary meters or the nozzles as the standavitede
The comparison of nozzle with rotary meters canriaele
in the modes of open-loop and closed-loop respelgtiv

Uncertainty analysis of the CNCL
facility
According to JJF1240-2010 [4], the relative staddar

uncertainty of volume flow rate at critical flow Yeiri
nozzles gas flow facility is;
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Where, U, is the relative standard uncertainty of the

discharge coefficient of sonic nozzld, is the relative

standard uncertainty of the stagnation temperature
measurement of sonic nozzlg,,, is the relative standard

uncertainty of the Moore mas#H,, is the relative standard

uncertainty of general gas constablt, is the relative



standard uncertainty of the stagnation

measurement of sonic nozzM, is the relative standard

pressure

uncertainty of the temperature measurement at the

under testedU., is the relative standard

~rp
uncertainty of the pressure measurement at thenfieter

flowmeter

under testedU, 5 is the relative standard uncertainty of the

throat area of the sonic nozzM,., is the relative standard

uncertainty of the critical flow functiort), is the relative

standard uncertainty of the compression coeffigi€nt u,,
is the relative standard uncertainty of the sensiti
coefficient of the humidity.

U, is ignorable for the nozzles were calibrated by PVT

facility. U, , U and U, are ignorable for the fluid at

PVTt is air also.C,y, U, was ignored for the humidity of

air at north of China is low, and there is strigtamning and
drying process at the compressed air source sydtem

Considering the value ofl,- is small, so its impact is

ignored.

Uncertainty sub-items of the CNCL facility were shoin
Tab 2. According to the calibration certificatesnafzzles,
the maximum uncertainty of discharge coeffici€nt of
nozzle was 0.16%k(=2). But, theC,0on the certificates was
got from PVTt facility under the condition close the
atmosphere. Th€, should be corrected according to the
Re, at the throat of nozzle, as it was working at high
pressure condition. Th&, correction method would be
described in next paragraph, the uncertainty of letter

than 0.2%K=2). So, theU, is
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The error of temperature transmitter is better tha:©5C,
according to the rectangle distribution, the uraiaty of
the stagnation temperature measurement of sonizlenoz

(2)
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The error of pressure transmitter is better th&@4%, it is

often used at pressure points near the 2/3 of dtdile,
according to the rectangle distribution, the uraiaty of

the stagnation pressure measurement of sonic nbzgole
is

0.0004x >
u_ = 2 = 0035%

"Po \/5

The uncertainty of the temperature measurementeat t
flowmeter under testetl;7 is equal tol,r . The error of

(4)

pressure transmitter is better than 0.04%, it isrotised at
pressure points near the 4/5 of full scale, acogrdo the
rectangle distribution, the uncertainty of the pree

measurement at the flowmeter under tedtedis
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Based on the formula (1), the uncertainty of theGCN
facility was shown in Tab 2.

Two rotary meters were calibrated by critical flMenturi
nozzles air flow facility with negative pressurehage
uncertainty was 0.25%k£2). Meter factors of rotary
meters and repeatabilities of them were shown in J.alf
rotary meter is regarded as the master meter ofathikty,
the uncertainty of facility is mainly including the
repeatability of the rotary meter and the uncetyaaf the
facility used for calibrating the rotary meter. Tlo¢her
uncertainty items of the time, the temperature pifessure,
the electrical signal collection and processing amech
smaller than that of the rotary meter. So, thosallsitems
can be ignored. In this way, the uncertainty offdwlity is
better than 0.3%, as two rotary meters are runainipeir
calibrated flow rate points. If the rotary meters aunning
in their whole flow rate range, considering the enainty
of meter factor interpolating function, the uncartg of the
facility is better than 0.5%.

Correction of nozzles discharge
coefficients

Parameter s of nozzles

The parameters of 9 nozzles utilized at CNCL ficilvere
shown in Tab 4. In order to easily machining, teemetric
shape of the nozzle was slightly different to theoidal-
throat Venturi nozzle presented at 1ISO 9300-200b [5
There is a Cylindrical Stage Downstream the Thiéat
short, CSDT), as shown in Fig 3, and the lengththef
cylindrical stage is recorded hs

The nozzles were calibrated at Shanghai Inspediah
Testing Institute of Instruments and Automatic Sysd
(SITHAS) by PVTt gas flow facility. The expanded
uncertainty of PVTt gas flow facility is 0.07%=2). The
temperature of air flow is (20.7~2179) the humidity of it
is 75%, atmosphere pressure is (100.6~101.7) kPa.

In the Tab 4, the throat diameterdsanm, the ratio of the
curvature radius to throat diameterri&, divergent angle
is a °, the repeatability of the discharge coefficiddy is E,
%, the expanded relative uncertainty of @gs u,cq (k=2)
%, as the nozzle is calibrated by the PVTt facilibhe
volume flow rate of it under standard condition (20101
325 Pa) isqQ,, the throat Reynolds number of nozzle at
calibrated condition iRe,, the critical back pressure ratio
tested at the CNCL facility by rotary flowmeteris

As discharge coefficients shown in Fig 4, thereligiously
difference between the coefficients of CSDT noz#ded
that of 1SO toroidal-throat Venturi nozzles. So,cmrrect
the coefficients according to the formula in 1ISAO2005,
will produce large errors especially for the snrmalkzles.

CFED Simulation of flow field in nozzles

The cylindrical stage downstream the throat play a
important role on the flow field in the nozzle, there is a
variation of its discharge coefficient. Based ore th
Computational Fluid Dynamics (CFD) simulation scfter
package Fluent, the flow fields in the nozzles were




analyzed. The related simulation conditions wemshin

Tab 5. The discharge coefficients got from simolativere
shown in Tab 6, calibrated coefficients and thadewdated
by 1ISO 9300-2005 toroidal-throat Venturi nozzlenfimla

were shown also for making a comparison.

The difference of flow velocity in nozzles were shoin

Fig 5~ Fig7. In the figure for axial velocity conmson,

two vertical lines were added to point out the poss of
cylindrical stage start and stop. It can be seemfthe
velocity distribution that the cylindrical stagewdustream
the throat, the step connected it and the divergerface,
decrease the flow speed. So, the mass flow rateonfle
with cylindrical stage downstream the throat is k@anahan
that of the 1SO 9300 toroidal-throat Venturi noz#leéhe

throat diameters of them are same. Therefore, ifuharge
coefficient of it is smaller than that of ISO shapezzle.
But the effect of cylindrical stage decreases asdiameter
of the nozzle increases.

Dischar ge coefficient correction

The discharge coefficients of 8 nozzles (excepti#oy got
by CFD simulations were shown in Fig 8. In ordentake
a comparison, the coefficients calibrated by PVTdrav
shown in Fig 8 also. The maximum relative deviatafn
simulation coefficients from calibration one is B%8. Two
trend lines were got separately from simulated and
calibrated coefficients. The deviation of simulatio
coefficients from calibration one decrease to belo2¢6 as
Re, increases at relative high pipeline pressure. B,
uncertainty of discharge coefficient correction BFD
simulation will be verified by strict tests.

Pressur e and flow rate control

It is important for the facility with medium-pressuand
closed-loop pipeline to easily adjust the pressand the
flow rate and keep them stable at one set poing. Aiief
flow loop for the pressure control was shown as @ig
Opening the valve 1 and regulating valve 2, drycain be
injected into closed-loop by compressed air soggem

1. The speed of air injection can be regulatedhange the
open degree of regulating valve 1. Adversely, thlwes 43
and regulating valve 42, play the role of releasaiginto
the atmosphere from closed-loop. The valve 5 and
regulating valve 4 at the bypass pipe, modify therking
condition of piston compressor according to thesguee
and the flow rate required by test flowmeter. SeryMow
working frequency of motor can be avoided. The gues
upstream the self-operated pressure regulatingevalean
be controlled by the strategy shown in Fig 10.
Considering the pulse effect of piston compressaor o
pressure stability, two 0.4°hdamping tanks were arranged
respectively at the inlet and the outlet of the pogssor. In
order to improve the pressure stability furthere &h8 ni
damper tank was added at the position near the afle
piston compressor, for overcome the pulse of saoctio
Another 0.8 mdamper tank was added at the downstream
of the self-operated pressure regulating valve indrease
the stability of the pressure at the test flowmeter

Assessment of pressure and flow rate
stabilities

Flow rate stability between the integration

intervals

According to JJF 1240-2010 [4] and ISO 9368-1 flejw

rate stability should be tested when the test fletemis not
fixed at the pipeline of facility. Flow rate stabil should
be tested at the maximum flow rate, the minimunwflate
and more than two middle flow rate points in thenflrate
range of the facility. Then, the worst stability ulid be
regarded as the flow rate stability index. The tiofeone
integration interval is longer than 60 s. To coutinsly test

n (n>10) times of integration interval, ggt(i=1, 2, -, n;
n=10), then to calculate the flow rate stability beém the
integration intervals, following the formula as below.

L) 6)
n
(g ‘Q)2 ’
s=1 % x100% )
gl n-

Where, { is the average flow rate,’fh; Sis the flow rate
stability between the integration intervals.

Flow rate stability within the integration
interval

According to JJG643-2003 [7] and ISO 9368-1 [6], to
continuously record the electrical signal respogdilow
rate value,¢; (i = 1, 2, -, n; n > 60), the flow rate

stability within the integration intervddy can be calculated
as below.

1 n
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Where, theq, is average flow rate; thg; is relative error;

the R is correlation functionj = 0, 1, 2,---, n-1; thek is
coverage factok = t,(v), t,(v) is t distribution coefficient
with a 95% confidence level; for monotonic decregsi

R.
functionr, :Ei’ Mimn < 0.1, @S] = jnin.

Stabilities of CNCL facility

Sabilitiesin closed-loop mode
Based on the methods mentioned above, the flow rate
stability between integration intervals and thathim the




integration interval were tested as facility rurqim the
closed-loop mode, and the results were shown in7Tabhd
Tab 8. According to the same methods, the stagmatio
pressure stability and the stagnation temperattakility
were tested, and the results were shown in Takd7Tab8
also. It can be seen from the data shown in Tafd7Tab 8
that the stability of volume flow rate is betteath0.01%,
the stability of mass flow rate is better than 0,1%e
stability of the pressure is better than 0.1%, stadbility of
temperature is better than 0.03%.

Sabilities in open-loop mode

Based on the methods of the flow rate stabilityt,tes
stabilities of the flow rate, the pressure andtdraperature
were tested as facility running in open-loop mottie, air
flow is supplied by the air sources system 1, dedrésults
were shown in Tab 9 and Tab 10. The double screw ai
compressor in gas source system 1 was turned oiifigiu
the stabilities test to simulate the case of gaplsuis not
enough for keeping the pressure. The pipeline pressas
set at 0.4 MPa during the tests. It can be seen fhe data
shown in Tab 9 and Tab 10 that the stabilitieshef flow
rate and the pressure are good as flow rate isl,sthel
impact of gas source lack on the stabilities offtbe rate
and the pressure appears as flow rate increases.

Conclusions

Critical flow sonic Nozzles gas flow facility witthedium-
pressure and Closed-Loop pipelines (CNCL) was
developed at Tianjin University Flow Lab (TUFL). &h
working pressure range of the facility is 0.3 ~MPa, the
flow rate range of it is 0.5~120%h at working status, the
uncertainty of it is better than 0.3%=@).

By changing the condition of switch valves the CNCL
facility can run in the open-loop pipeline modeoal$he
standard device of it can be the rotary meterfierctitical
flow Venturi nozzles. The comparison of nozzles hwit
rotary meters can be made in the modes of open-dooip
closed-loop respectively.

The cylindrical stage downstream the throat play a
important role on the flow field in the nozzle atige
discharge coefficient of it. The variation of disthe
coefficient, as the throaRe, increases at relative high
pipeline pressure, can be corrected by CFD sinurati

The volume flow rate stability of the CNCL facilitis
better than 0.01%, the mass flow rate stabilityatter than
0.1%, the pressure stability is better than 0.1%e t
temperature stability is better than 0.03%.
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Tab.1 Statistics of closed-loop pipeline gas flawilities

SWRI-MRF SWRI-MRF Force CPC
Lab. Elster RMG HPL [3] LPL [3] Technology Hp TUFL Wet gas TUFL CNCL
Nation Germany Germany USA USA Danmark 'I(':etliltl)q; China China
. . . Natural gas/ Natural gas/ Air/ . . .
Fluid Dry air Air Nitrogen Nitrogen Natural gas Air Air-water Dry air
Temperature - - 4.4~48.8 4.4~48.8 10~30 - . 10~30
of fluid [J
] 0~2.5 (Air)
- ~ | ~1 4 ~ ~ ~
Pressure /MP4d 0.1~2.5 0~2.5 1.03~8.2 0.14~1.45 0~5 (NG) 1~-6 0~1.6 0~1.6
Flow rate N - _ _ _ _ 1~300(Air) _
range /rivh 5~1600 5~1800 2378.6 1234.6 8~10000 4000 0.05-8(Water) 0.5~120
Pipeline /mm DN50~DN20J DN25~DN250 DN50~DN500 DNP®8200 | DN50~DN400 - DN50, DN80 DN2.5~DN4|
Weigh tank, Nozzle
Turbine Turbine Nozzle, . Rotary | Turbine meter(air)
Standard meter meter, Rotary Turbine Turbine - piston Electromagnetic NozZle,
devices Rotary meter meter meter, meter, prover flowmeter(water) Rotary meter
e Orifice plate
Orifice plate
Uncertainty - - ) _
(k=2) /9% - <0.3 0.1~0.25 0.1~0.25 0.2 10 0.2~0.3
Tab.2 Uncertainty of the CNCL facility
. Relative standard uncertainty ~ Sensitivity coefficient o
Subitem U 1% C, ‘Crx‘ Uy /%
U, 0.128 1 0.128
Urpo 0.035 1 0.035
Uy, 0.01 -0.5 0.005
Up 0.029 1 0.029
U+ 0.01 -1 0.01

Standard uncertainty of CNCL facility=0.136%

Expanded uncertainty of CNCL facility=0.272% k=2)

Tab.3 Parameters of two rotary meters at the CNaeility

Rotary meter Q. (m*h) K (1/n) E (%)
0.4943 4721.18 0.02

G%g;\'f;)’;”" 0.9631 4755.18 0.02
25.03 4796.00 0.08
0.9678 947.01 0.03

Gl(%ol\'l’;g)'\"" 8.033 954.09 0.02
160.95 955.08 0.01

Tab.4 Parameters of the nozzles at the CNCL facilit
Nozzle | d(mm) | rJdd | a(®) | | (mm) Cq E (%) | Ucs (%) | Q (NmM¥h) | Rey(x107) r
#1 0.9637] 6.2260 5 05| 09444 0.5 0.1p 0.4926 1.2 0.4496
#2 1.1908| 5.0384 5 05| 0.9548 0.05 0.1B 0.7588 1.5 0.5271
#3 1.3385| 4.4824 5 05| 0.9689 0.07 0.1 0.9669 1.7p 0.5418
#4 1.9196| 31250 5 05] 09611 0.07 0.16 1.989 2.5F7 0.5507
#5 2.680 | 2.9851] 5 05| 09593 0.07 0.16 3.86¢ 3.56 .6258
#6 3.7974| 20014 6 1 0.9761  0.07 0.1% 7.904 511 629
#7 5.3833| 2.0434 6 1 0.9736 0.04 0.11 15.846 7.26 6623
#8 7.6325] 19653 6 1 0.9893  0.0p 0.14 32.368 10.5 .6666
#9 10.759| 2.0444 6 1 0.9878 0.04 0.11 64.217 14.8 6732
Tab.5 Simulation conditions of flow fields analygisnozzles
Fluid Ideal-gas

Turbulence model

Spalart-Allmaras, Strain/Vorticipased production

Boundary conditions

Pressure-inlet, Pressure-outlet

Solver

Based on density, Steady

Flux type

Roe-FDS

Discretization

Second order upwind for flow, fisstler for turbulence viscosity

Monitors

Residual monitor, mass flow rate at tHetiand the outlet surfaces




Boundary layer

8 layers, first layer thickned328-0.05, increasing factor 1.05

Total number of grid element

About 290 thousandsahedral

Tab.6 Discharge coefficients got from simulation

Throat diameter 0.9637 11908 13385 1.9196 3.7974 5333 7.6825  .7580
dmm ISO | CSDT| CSDT| CSDT| CSDT ISO| CSDf CSOT CSDT  ISQ  CSPT
SimulationC, | 0.9615 | 0.9491] 0.9571 0.9655 0.96P7 0.9844 097849826 | 0.9863| 0.9891 0.9879
ISO Calculate; | 0.9678 | - - - - | o983 - - - | oo -
CalibratedC - | 09444] 09528 009659 0961  -| 09761 009736 9®Js - | 0.9878
Deviation % | -0.6510 | 0.4930| 0.4513 -0.0414 0.8948 | 0.1221| 0.2356/ 09449 | 0.3032] -0.0303 0.010}

Tab.7 Stabilities of the flow rate, the pressurd tie temperature between integration intervals,
as the facility is running in closed-loop mode

Flow rate Stability of volume Stability of mass Pressure stability Temperature
(m?3/h) flow rate (%) flow rate (%) (%) stability (%)
0.5 0.0012 0.0138 0.01438 0.0020
0.75 0.0027 0.0168 0.0194 0.0053
44 0.0042 0.0917 0.0956 0.0286
86 0.00144 0.06173 0.00288 0.01665
126.25 0.00528 0.08062 0.07484 0.01151

Tab.8 Stabilities of the flow rate, the pressurd tie temperature within the integration interval
as the facility is running in closed-loop mode

Flow rate Stability of volume Stability of mass Pressure stability Temperature
(m3/h) flow rate (%) flow rate (%) (%) stability (%)
0.5 0.0053 0.0189 0.0246 0.0110
0.75 0.0003 0.0236 0.0235 0.0005
44 0.0083 0.0566 0.0647 0.0167
86 0.0010 0.0407 0.0405 0.0021
126.25 0.0096 0.0952 0.0942 0.0206

Tab.9 Stabilities of the flow rate, the temperatame the pressure between integration intervals
as the facility is running in open-loop mode

Flow rate Stability of volume Stability of mass Pressure stability Temperature
(m?3/h) flow rate (%) flow rate (%) (%) stability (%)
0.5 0.0056 0.0138 0.0092 0.0112
0.75 0.0010 0.0026 0.0031 0.0018
44 0.0052 0.4603 0.4644 0.0093
86 0.0024 0.4156 0.4123 0.0057
126.25 0.0040 1.2199 1.2213 0.0054

Tab.10 Stabilities of the flow rate, the temperatand the pressure within the integration interval
as the facility is running in open-loop mode

Flow rate Stability of volume Stability of mass Pressure stability Temperature
(m3/h) flow rate (%) flow rate (%) (%) stability (%)
0.5 0.0052 0.0136 0.0123 0.0070
0.75 0.0054 0.0149 0.0143 0.0091
44 0.0003 0.0152 0.0150 0.0009
86 0.0073 0.6365 0.5379 0.0134
126.25 0.0065 0.8123 0.6838 0.0116
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Fig. 1 Flow loop of the Ciritical flow sonic Nozzlgas flow facility with medium-pressure and Clodeaxbp pipeline (CNCL)



Fig. 2 Photos of the Critical flow sonic Nozzlesghow facility with
medium-pressure and Closed-Loop pipeline (CNCL)
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Axial velocity at the axial symmetry line of nozzle d=0.9637 mm
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