The upstream installation effect on the CBPR of san nozzle
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Abstract 1.7x10~5x1¢ Reynolds Number which proved that the

The test for the critical back pressure ratio (CBRR a
sonic nozzle by using an orifice plate is estalelishand six
types of upstream conditions are set up. Prelinginar
experimental results show that the upstream camdithave
almost no effect on the CBPR at throat Reynolds bem
larger than 1.1x10 but better upstream conditions or the
longer lengths of upstream straight pipe can imeréigw
stability; when throat Reynolds number smaller than
1.1x10, the upstream installation condition would have a
significant impact on the CBPR, because of the weoge

of the premature unchoking phenomenon. Therefdrés i
necessary to measure the CBPR in use for smalktthro
diameter nozzle.
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Introduction

Compared with other flow meters, sonic nozzle &tdesd
with simple structure, stable performances, highuescy
and other advantages, and therefore it is commasey for
measuring other types of gas flow meter as a stdndde
premise for the use of the sonic nozzle is that libek
pressure of the nozzle cannot exceed the critiakb
pressure ratio, which is called CBPR for shoris kpecified

in 1SO 9300™ that the CBPR of the nozzle of which the
reynolds number of throat part is more than 2 *Q@Dis
the function of diffusion section area ratio, whitbe
suggested back pressure ratio of the nozzle of hwthe
reynolds number of throat part is less than 2 *Q@Dshall
be controlled in 0.25 or subjected to CBPR testweleer,
the nozzle with small throat diameter and low rdgeo
number is commonly used for inspecting the gas matea
standard, and the use thereof is wide. Therefoueing
recent years, the research in the CBPR of this ¢fpwzzle

is more and morg™.,

Park?! etal. measured the CBPR of the nozzle with

CBPR is far lower than the theoretical value.

In the past, the research in the CBPR of the noixle
concentrated in the physical dimension of the rmzzlich as
throat diameter and diffusion angle. When the r®izlin
the working standard, the upstream installationddan is
always very complicated due to the limitation of-te
environmental conditions, but the impact of thebanges
on the CBPR of the nozzle has never been involved i
previous researches. This paper researches thetimopaix
types of different upstream conditions in the rdgao
number range of 5.25 * 10000 to 1.81 * 100000 oe th
CBPR of the nozzle by simulating the upstream distace
through the pore plate installed in the front & tiozzle.

Structure and Measurement Method

Experimental Facility

Experimental Facility The experimental system is shown in
Fig.1, and composed of pore plates, rectifiergjcati flow
nozzles, volume tanks, vacuum pumps, and temperatun
pressure sensors. In the system, the pore platehvwhused
as a flow meter for judging the CBPR, is also uagé local
disturbing member for generating the upstream dhsince.
The upstream of the pore plate is directly conrtbttethe
atmosphere, and the downstream is provided withstiméc
nozzle to be tested. The pore plate and the nazzebe
provided with a straight pipe or rectifier therebeén
according to the requirements.
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Fig.1 Diagram of experimental system

Sonic_NozzlesTotally, there are 9 experimental sonic
nozzles designed according to 1SO 930tand the pore

2x10f~3.4x10 Reynolds Number Range. When the spreadplates of two apertures are processed accordirtigetdlow

half angle is 2°~6°, the change of the spread amageno so
much effect on CBPR; but if the spread angle isGBPR
reduces to 0.85. Besides, for nozzles with less thd48mm
throat diameter: even if the areas are the saneCBPR

rate design of the nozzle. As shown in Table 1:

Table 1 Experimental sonic nozzes and pore plates

will change according to the changes of the Reynold
Number.
Nakad® et.al. carried out experiments for nozzles hatirey

) pore
sonic nozzles
plates

Reynolds Number within the range of 40~3%IDhe results
show that: CBPR is only the function of Reynoldsniter
and has no relation with the size of the throaingiter; when
the Reynolds Number is 40, CBPR is only 0.05.

Lavanté?, et.al carried out experiments for the standard

throat reynolds

flow apertures

number

Ul

number diameter

[mm] [m3/h] [mm]

nozzles with (0.15~2.0) mm throat diameter and



8601 4.0250 8.80 5.25x10 y= Q-Q .1 00% (1)

8602 5.9090 19.20 7.76x10| 18.218 Q

8603 7.0020 26.90 9.14x10 Q refers to the average of the experimental data uneds

8604 7.9820 3530 1.05x10 in the critical flow conditions of the nozzle. Th&periment
of each upstream condition of each nozzle is regefdr 9

8605 9.0855 4530  1.19x10 times, and the normalized experimental data ofn@esi is

8606 9.9360 54 50 1.31x10 sorted and equalized to obtain the CBPR. The typica

30.708 experimental results are shown in Fig.2, in whidte t

8607 11.0320 67.50 1.46x10 horizontal ordinate refers to the back pressurthemozzle,

8608 12 4420 85 00 16430 vertical coordinate refers to the flow rate valugmalized
and averaged.

8609 13.6740 104.00 1.81x10 In order to minimize the impact of temperature ¢ t

The rectifier is divided into two types, i.e. tubandle type change of flow rate, the whole back pressure ratige is

of rectifier and (7] : divided into certain sections. In the selectedisacin, y
plate type of rectifief’, wherein the o m
thickness of the tube bundle type rectifier is 10, the refers to the data flow of this sectiog, refers to the
outer diameter of the tube bundle is 10 mm, thel wal average of all data in the Sectiopﬂ]_yi refers to the
thickness is 1 mm, and the total number theredf9isFor "
the plate type rectifier, the thickness is 6.25 namg the 5
different apertures are as follows: 12.5mm28mm.
37.5mm 42.5mm 45mm.
In order to research the impact of upstream casmbton the
CBPR of the nozzle, the specific upstream conditiset in —
the experiment are as follows: > Wheng_|Yn~Yn
The nozzle and the pore plate do not be providat wi uy
rectifier therebetween, and the lengths for thaigit pipe the state of critical flow:
section upstream the nozzle are 5D (referred toaaSD) —
and 10D (referred to as no-1pD > When E=|Yn " Ym
The nozzle and the pore plate are provided witlkategype Uy
rectifier therebetween, and the lengths for thaight pipe ratio thereof is CBPR;
section upstream the nozzle are 5D(referred tolae-pD) > When y -y,
and 10D (referred to as plate-10D). E=|-"———"
The nozzle and the pore plate are provided withulze t u

difference between the flow rate data and averdgthe
section,y -y refers to the average of the section. The

uncertainty of the nozzle i¥ = 0.15% (k = 2), and the
uncertainty ofy is u,=0.075%

is less than 1, the nozzle is in

is equal to 1, the back pressure

is more than 1, the critical

y
bundle type rectifier therebetween, and the lendpihsthe
straight pipe section upstream the nozzle are 5&ted to
as tube -5D) and 10D (referred to as tube -10D).

flow state of the nozzle is damaged.
In the experiment, the maximum back pressure iatithe

is less than 1 is CBPR as the

Yoo = Yom

condition thatE

Determination of CBPRThe pressure within the volume o ]
tank is vacuumized to 100Pa and below through #wawm  increase of back pressure is discontinuous.
pump, so that the back pressure of the nozzlefiismtly 20
low, the critical flow state of the nozzle can lealized, and 1.0
the pressure regulating valve can be closed. Wit t 0.0
accumulation of gas within the volume tank, thesptee
within the tank is increased continuously, and ¢hi¢ical

-1.0

2.0

¥ [%4]

flow state of the nozzle is damaged finally. Acdoggto the ey SN N ,
30 |#no-5D «no-10D | ; ; ;

temperature and pressure measured, the change dbwh aplate-sD  oplate-10D}-----4---f--3----1--

rate can be obtained as well as CBPR. 0 stube SD_« tube 10D}
5.0

In the experiment, the density of the gas withia fiipe
between the pore plate and the nozzle is not nhane 1.5%, 0 €1 02 03 04 05 C6 07 08 09 I
the change for the mass of gas within the pipenislls
without considering the change of pipe volume, @nchn
be considered that the mass flow rate flown thraighpore
plate and nozzle is equal. The calculation fornfolathe

mass flow rate of the pore pIateégK. [APR, | in which
TO

K' refers to a constant. In order to facilitate thalgsis, the
experimental data measured every time shall beestlp
further treatment of normalization, and the paramet
thereof is defined ay . Y is shown in Eq.(1):

Fig.2 Experimental result of 8605 nozze (d=9.0855mm)

Experimental Result

Fig.3 represents experimental results on the CBRR o
nozzles(8601 to 8609) in different upstream coadi



—a- 8601 —4—8602 #3603 ——3604
—a— 8606 8607 —=— 8608 ——3609

=

1.00 —— B605

0.95
0.90
0.85
0.80
0.75
0.70
0.65
0.60
0.55
0.50
0.45
0.40 T T T T ]

.
no-5D plate-5D tube 3D no-10D plate 10D tube-10D

CBPR

Fig.3 Theinfluences of upstream conditions on the CBPR

According to Fig.3, it can be seen that:
For the nozzle of 8604 to 8609: The CBPR is moam .84
(including) and above, and the change for the tesof

CBPR is not more than 0.01 in case of the change oEXPeriment step size,

upstream conditions.

For the nozzle of 8601 to 8604: The range of viaafor
the CBPR of 8601 and 8604 is small, all the CBPR&601
is 0.52 (inclusive) and below, and the CBPR of 8684
about 0.86. The range of variation for the CBPR&J2 and
8603 nozzles is large. When the upstream cond@fd602
is tube-10D, the CBPR is 0.53. In case of otherdi@ms,
the CBPR is more than 0.72 (inclusive). When thstngam
condition of 8603 is no-10D, plate-5D or plate-10ibe
CBPR is reduced to 0.54 (inclusive) and below, &mel

temperature measurement value, considering itsoumif

distribution, the introduced standard uncertaintg i
u(T) -_ 005 =0.099% - The maximum temperature
292.65/ 3

change of one experiment shall not be over@.5The
19.5C measured value, considering its uniform distriuti
the standard uncertainty introduced by temperature

fluctuation is, ()= 92 _ g9y Then the standard
4D 202683

uncertainty induced by temperature measuremestiosvn
in Eq.(3):

WT)=/u(T) +u,(T)" =0.140% )

u(step) The back-pressure in each

experiment changes gradually from small to large.step
size (space between the adjacent back-pressurénshbée
over 0.04 and take the relevant CBPR value 0.96 ighthe
maximum step size/CBPR value). Considering its arnif
distribution, the standard uncertainty induced sigp size is
shown in Eq.(4):

0.04

= 4
(step) 0.863

Data processing,u(dp) CBPR judges by the E value and E
value is based on the normalizing equalization erpent

=2.65%

CBPR in case of other conditions is more than 0.82jata. The disparity of experiment data causes ticertainty

(inclusive).

Uncertainty Assessment

CBPR is determined by E value on the basis forctienge
of flow rate of the pore plate after a certain gssing on the
data. Therefore, the uncertainty is mainly composktivo
parts, of which is the uncertainty due to the mezsent of
flow rate of the pore plate, and another partésithcertainty
due to the data processing.

Differential Pressure Measurement, U(P) The orifice

plate pressure difference is the pressure differédretween
sensors on both sides of it. The tolerance ofrikument is
0.01%FS. The measurement range (i8-110) kPa- (0-
700 ) kPa. Considering the uniform distribution, the
introduced standard uncertainty of these two pressu

0.011%_ 0.006%: u,, = 0.070%_ 0.040%-

V3 V3
The maximum pressure change of one experiment sball
be over AP=0.01kPa. The 100kPa measured value
considering the uniform distribution, so the pressu

sensors iqju -

fluctuation referenced standard uncertainty is

U,=U,,= 0.01 _ go6%- Thus the standard uncertainty
100V'3

induced by pressure measurement is

U =4U;, +Uu,, =0.008% Uu,=+lu, +u,, =0.040%

the standard uncertaint); induced by pressurerdiffee is
shown in Eq.(2):

u(p) = «/ulz +u22 =0.041% @

Temperature Measurement, u(T) The tolerance of the
adapted temperature transmitter is +005The 19.5C

of processing data. Here we treat the median ofyeve
upstream condition experiment standard deviationthees
uncertainty under this condition.
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Fig.4 Uncertainty of data processing

As Fig.4, when the upstream condition is withoueetifier-
5D, disperity of the measuring data is bigger, %21 he
other kinds of measured data under the upstreamitaum

the disparity is about the same, (0:07.14)%. Above all,

the uncertainty of CBPR by measuremafCBPR) is
shown in Eq.(5):
U(CBPR) =+/u(p)? +Uu(T)? +u(step) *+u(dp) >= (5.30~5.32 9
(5
The uncertainty plays a leading role in uncertainty

evaluation, and the upstream condition changingsioe
affect too much the measured uncertainty.

Influence of Advanced Non-Congestion

Phenomenon to CBPR

Experimental results show 8601-8604 nozzles oawun-
congestion phenomendf®® As shown in Fig.5:
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Fig.5 Experimental result of 8604 nozzle- advanced non- BPR

congestion phenomenon
In | part, the back-pressure of nozzle is lowemti@ZBPR Fig.7 Experimental result of 8602 nozze (d=5.9090mm )
and the flow through the nozzle keeps stable. ) ) )
In [part, when the back-pressure ratio of the nozzteess ~ Fig.8 is the experiment result of 8603 nozzle. Whee
the CBPR, its throat critical flow will be brokeand the  Upstream conditions are no-10D, plate-5D or pldt®-and

flow of the nozzle will reduce. when the back-pressure ratio is 0.52, the advanmued
In O part, with the increasing of the back-pressuréorat congestion phenomenon will occur.
within the range of this back-pressure ratio, tloevfof the 2.0
nozzle will increase again, even to the maximunwilo 10
In (1 part, with the increasing of the back-pressurm rate 0.0
flow of nozzle will continuously decrease. _ 1'0
Q\C‘ =1
The advanced non-congestion phenomenon doesn’t oo TenosD omoop |11 : 1 W
influence the size of CBPRFig.6 is the experimental result 30 . olatesp o plate-10D| 1|1+ | Kl
of 8601 nozzle: 40 {atube -5D - tube-10D)| T -:i :
50 S N N N e S N S R e
20 Ty 00 01 02 03 04 05 06 07 08 09 10
e e e BPR

Fig.8 Experimental result of 8603 nozzZle (d=7.0020mm.)

To 8602 8603 nozzle, after the retest of CBPR, the result i
similar with Fig.7 and Fig.8. The appearance of the
advanced non-congestion phenomenon will decrease

¥ %]
[

<« no-10D

o : obviously the CBPR compared with other upstream
-8U0 M «plate-sD . plate-10D |, .
90 [ atube 5D . tube-10D[— conditions.
_10.0 R I R R I A R A -
0.0 0.1 0.2 03 04 0.5 06 0.7 08 03 1.0 .
BrR. Conclusion

Fig.6 Experimental result of 8601 nozde (d=4.0250mm) With the characteristics of real-time measuremédruriice
We can see the nozzle will occur the obvious adedmon-  plate, use the flow change of the orifice platenionitor the
congestion phenomenon under different upstreanflow change of the nozzle to get the CBPR of thezie
conditions. This phenomenon will keep the CBPR fid t Connect the orifice plates (and rectifiers) in sefefore the
nozzle of only 0.52. Between the back-pressure @iti0.52  nozzle to simulate the disturbance of upstreamrasdarch
~0.73, the use of rectifier or increase the lengththe  the nozzle CBPR influencing factors through sixfedint
straight section, it can reduce the flow reductiBot in the ~ kinds of upstream conditions, it is concluded that:
retest experiment of 8604 nozzle, the advanced nonWhen the nozzles of throat Reynolds number over
congestion phenomenon doesn’t occur which means thé.1x10(8605-8609), the trend flow changing with the back-
advanced non-congestion phenomenon may be relathd w pressure curve will become smooth. Different ugstre
the installation conditions. To 8601 and 8604 nezthe  conditions have little influence on CBPR. But switithe

advanced non-congestion phenomenon doesn’'t haveectifier in the upstream of nozzle or increase skraight
influence on CBPR size. length will increase the flow stability.

When the nozzles of throat Reynolds number below
The advanced non-congestion phenomenon decrease the 1-1X1@(§3601-8604),the appearance of advanced non-
size of CBPR Fig.7 is the experiment result of 8602 nozzle. congestion phenomenon makes the CBPR influencetieoy
When the upstream is the tube-10D, the back-presmtio ~ upstream conditions. It can be classified into tases: To
is 0.52, and the first advanced non-congestion @imemon 8601 . 8604 nozzle, the advanced non-congestion
occurs. Butunder other conditions, the advanced non-phenomenon doesn't influence the size of CBPR; @28
congestion phenomenon will occur when the badssure 8603 nozzle, the advanced non-congestion phenomeition
ratio is over 0.72 which make the CBPR under thisdition decrease CBPR obviously.

will obviously decrease than under other conditions Because the appearance of advanced non-congestion
phenomenon will make the upstream installation @t




having obvious influence on the CBPR of small-tiwoa
diameter nozzles. Therefore, when using the nozilss
better to test the CBPR under its actual using itiomd
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