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The discharge characteristics of orifices at low pressure
ratios were investigated. Probe measurements of high-
velocity jets confirm and extend the work of Stanton.
Expansion factors (Y) at pressure ratios down to r = 0.13
- were measured for the flow of air in & 2-in. pipe meter and
for the low of steam in a 3-in. pipe meter. Both meters
were installed in accordance with ASME specifications; and
operated at a diameter ratio of 0.15. The effects of high
approach velocity on the discharge characteristics of
square-cdged orifices at low pressure ratios were investi
gated; expansion factors were defermined for diameter
ratios from 0.2 to 0.8 over a range of pressure ratios from
unity t00.2. A linear ¥-r correlation is shown to exist at
- low pressure ratios; a change of flow regime occurs at a

| pressure ratio of 0.63. A theoretical solution for super~
'~ critical flow, previously established by the author, is
further compared with experimental results,
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The following nomenclature is used in the paper::
' Subscripts :
: 1 = position of undisturbed flow upstream frém orifice

2 = discharge region -
o = orifice plate, circular openin
Symbols
A = area
C, = specific heat at constant pressure
C, = specific heat at constant volume

d = diameter
. d, = orifice dinmeter, in. .
E = ASME thermal expansion factor for ofifice plates
* F = Fuhrenheit degrees '
Jt = feet
-G = mass flow rate, 1b per sec
9. = gravitational constant, lb,, ft/lb, sec?
. ) h = enthalpy per pound of fluid ‘ .
¥ K = orifice discharge coefficient for incompressitile flow
= - Ib; = pound force V
. 1b,, = pound muss

L = edge width of orifice
~m = orifice-meter area ratio 4,/4, = 32
" p = pressure

! P, = theoretical critical pressure

“® . P = orifice initial pressure at corner tap
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Orifice Meters With Supercritical
Compressible Flow'

By R. G. CUNNINGHAM,* CHICAGO, ILL.

Pra = orifice initinl pressure at wall tap

Pse = orifice discharge pressure ut corney tap
Pie = orifice discharge pressure at wall tap

R = gas constant, {i 1b,;/1b, F abs

r = pressure ratio p,/p,

r, = theoretical eritical pressure ratio

i = temperature

T = absolute temperature

» = specific volume

w = velo¢ity

Y = orifice-meter expansion factor
Y, = theoretical expansion factor

B8 = orifice-meter diameter ratio d,/dy

Y = ratio of specifie heats €,/(,
Ap = orifice pressure difference (m — pa)

€ = Regeln orifice-meter expansion factor

u = orifice-jet contraction coefficient for incompressible flow
K, = orifice-jet contraction coefficient for compressible flow

p = density (1/v)
" INTRODUCTION

One-dimensional gas-dynamics relations may be developed
which express the velocity of a compressible fluid at a certain
cross section of the stream tube as a function of the ratio of the
pressure at that section to the initial pressure, When the pres-
sure ratio is that defined as the “critical,” the fuid velocity is
equal to the local velocity of sound, and the ares is & minimum,

One-dimensional relations are commonly applied to the ease of
compressible fow through a nozzle, and the mass flow rate de-
pends on the ratio of the downstream or receiver pressure to the
initia] pressure, Experiment reveals that the flow rate of a
convergent nozzle attaing constaney at a pressure ratio defined
2s the “maximum flow ratio.” For a well-formed convergent
nozzle, the (experimental) maximum flow ratio is essentinlly
identical with the (theoretical) eritical-pressure ratio,. Bvi-
dently the occurrence of sonio velocity at the throat of the nozzle
prevents flow response to changes in the discharge pressure,

Contrary to the behavior of the convergent nozzle, the squarc-
edged orifice does not exhibit n maximum flow ratio. Rather,
experiment shows that the flow rate (for constant upstream con-
ditions) continues to increase at all pressure ratios between the
oritieal and zero; this range is defined as the “supercritical”
range of ratios.

One of the most widely used means of metering compressible
fluids is the square-edged orifice, However, the flow ¢haracter-
istics of this metering dévice are comparatively unknown in the
supereritical range of pressure ratios, The purposes of this in-
vestigation are (a) to establish the factors affecting supereriticnl
flow, (b) to extend the present range of experimentally deter-
mined discharge coefficients for certain standard orifice meters to
low presaure ratios, and (&) to investigate the effect of high veloci-
ties of approach on the supereritical flow characteristies,

THE ORIFICE JET AT SUPERCRITICAL PRESSURE Rarios
Btanton (1)* investigated the free jets issuing from sharp-edged
arifices by means of total ‘and static-head pressure probes. His
findings may be summarized as follows:

3 Numbers in parentheses refer to the Bibliography at end of paper.
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1 For supercritical flow, the orifice jet converged to a mini-
mum section and then diverged.

2 The minimum area of the jot was found to be s function of
the downstream pressure, As the pressure ratio was decreased,
the minimum area approached the orifice and became larger.

4 The location of the eritical axial pressure approximately
coincided with the minimum section of the jet; and it shifted to-
ward the orifice in the same manner as the minimum stream sec-
tion as the pressure ratio was lowered.

Hailey (2) made an axial troverse of the stalic pressuro along
the flow nxis in o Y/rin-diam convergent nozale, and ina similar-
gizod orifice. Curves showing the drop in pressure in the direc-
tion of flow were plotted for n distance of nearly 2 diameters
downstream and well-developed shock fronts were apparent, for
both the nozzle and the orifice.

The results of Stanton’s investigation contribute greatly to-
ward an understanding of high-velocity orifice flow; at the same
time, several questions present themselves:

1 Are Stanton’s results applicable to the’ jet issuing from an
orifice having an unrestricted approach section?

2 What are the pressure-drop characteristics of an orifice jet
for constant initial conditions and variable discharge pressures?

3 Do shock discontinuities originate at the edge of the orifice
as in the case of nozzles?

4 At what pressure ratio do shock waves first appear in the
orifice jet?

Answers to these questions are indicated in the following para-
graphs.

An investigation of the orifice jet was made by more or less re-
peating Stanton's work, the important difference being that the
orifice had a long and unrestricted approsch section, The limi-
tations of space prevent a review of the results (see reference 3):
suffice it to point out that the pressure curves were quite gimilar
to Stanton's. Shock disturbances were evident at gll orifice
pressure ratios below the eritical; the closest approieh to the
orifice plates was of the order of one-half orifice diameter. Con-
densation shocks were detected in the free jet at positions deter-
mined by the initial humidity of the air and downstrenm from the
critical jet-pressure location.

To study the effects of discharge pressure on a jet issuing from
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an orifice at supercritical pressure ratios, a discharge chamber =

with an adjustable axial probe guide was construoted. For g *

constant upstream pressure of 82 psia and an initial tempera. =
ture of about 75 F, the pressure drop along the jet axis is shown U
in Fig. 1 for nine orifice pressure ratios. The critical pressurs - e
has the same value for all of the curves but not the same position, "
and the shift of p, toward the orifice plate, as the discharge B
pressure is lowered, is readily apparent. The curves further re. i

vea] that the free jet develops shock waves for an orifice pres. = =
sure ratio of 0.49, but not for a ratio of 0.535. Thus it would =
appear, that like the convergent nozzle, shock wuves first origi.
nate in the free jet for a pressure ratio near the critical value, - °
A brief pressure-probe investigation of steam jets issuing from g
square-edged orifice was made. The results were similar to those
obtained with air. The critical jet pressure shifted toward the b
orifice as the discharge pressure was lowered. The high-ve}ocig,y‘_ i
jet overexpanded and developed shock waves similar to those ~°
found in the jet from & nozzle, Shock disturbances first appeared ;
in the orifice jet at pressure ratios quite near the eritical valye
and the regular spacings of the shock fronts varied with the orifice :
pressure ratio. b

FXPERIMENTAL INVESTIGATION OF ORIFICE METERING

The laboratory investigation of orifice metering was divided °
jnto separate phases: b

(¢) An extension of the present range of the ASME orifice ex- -
pansion factors (4). -

(b) An investigation of the effects of high velocity of approach
on the supercritical flow characteristics of an orifice meter. !

The equation i

G=KY A, NV 2UPAD oo oioeninnnn (1]

hereafter referred to as the “ASME Equation” (4), was adopted |
as the basic experimental flow equation. The discharge coef-
ficient K'Y consists of the product of the incompressible or water |
coefficient K, and the expansion factor Y. The coefficient K is
correlated in the ASME tables by means of the Reynolds num-=
ber, pipe size, diameter ratio, and pressure-tap location. The
value of K, for any one installation, is a function only of the Reyn-
olds number, It decreases with increase in Reynolds numbers
up to a certain high value, beyond which K is independent of the
viscous forces represented by the Reynolds criterion. Except 5
for very small orifices at low flow rates, the Reynolds number for
compressible flow is usually quite large—well beyond the Jimiting =
value; as a result, K may be assumed to be a constant.s
The value of K may be determined by water tests. (The values.
tabulated in the ASME tables were largely determined by
method.) The value of K may also be established in quite an-_
other manner. At low velocities the compressibility effects 8P~
proach zero, and therefore the flow of a gas through an uriﬁﬂ
approaches that of an incompressible fluid. Since the product
KY is conveniently linear when plotted versus the orifice-pres
sure ratio, it is readily extrapolated. The intersection of the K¥=8
curve with the ordinate (at 7 = 1.0) defines the water coefficien
K. Values determined in this manner agree well with water floy
measurements. [Bean (5) has noted that the effects of compres
sibility and viscosity are probably interrelated in a compleX
fashion. But the Reynolds-number effect customarily is com’
fined to K, and the compressibility effects to Y, and this divisiof
offers a practical and successful method of data correlation. )

The experimental determinations of the expansion {actors (Y1
in this work utilized both methods of finding K for the me«H
For part (a), the meters were installed in strict conformance &
ASME specifications, and K values were therefore availabi
Part (b) involved flow in small pipes and the coefficients for
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orifice meter were completely unknown. Therefore the K-
coefficients were found by extrapolating the subcritica] KY-r
©  curves to unity pressure ratio. The expansion factor ¥ could
then be found by dividing the K'Y values by K.

EA

ExTENSION oF EXPANSION FACTORS FOR AIR

L o | | =)

' Apparatus,  Air at pressures up to 100 psi was supplied by a
reciprocating-piston compressor (240 ¢fm) equipped with a five-
|~ pass aftercooler. The compressor and ausilisries were Jocated
 on the lower level of the lnboratory. The two metering orifices,
' used to measure the mass flow rate, and the test orifice wore
Ui located on the upper level. The orifices were separated from the
ki air receiver at the compressor by approsimately 60 {t of 3-in pipe,

B thus minimizing pulsations,

Ly Mass Flow. The mass flow rate for each run was measured
‘A ',: by two standard orifice meters placed in series with the experi-
R

mental orifice. The upstream meter was made from (new) 2-
in. steel pipe and a pair of commereial orifice flanges (flange taps),
§* while the downstream meter was similar but construeted with 3-
3 in. pipe. Such installation details as the lengths of approach and

. discharge piping, the Jocation and method of pressure and tem-
L& perature measurements, and the orifice plate proportions wors
. all determined in accerdance with ASNE specifications (4.
_ The orifice pressure taps (flange) were duplicated to permit two
- independent measurements of the orifice pressure differential.

- The edges of the pressure-tap holes (1/, in.) were slightly rounded
~ to remove burrs, The initial orifice pressures were measured
. with single-leg mercury manometers for pressures up to 30 psi;
. for greater pressures Bourdon-tube {est gages, calibrated daily,
@ were used. The pressure differentials across the orifice (main.
. tained between 10 and 30 in.) were measured (in duplicate) by
& cistern-type water manometers; the value of the pressure differ-
& ential for each run wis taken as the average of the two readings.
bt The temperature of the dir stream ut each meter was measured,
At a location 10 pipe dinmeters downstream from the arifice,
. with bare-bulb thermometers held in packing glands. The

* thermameters were precision-grade with scale divisions of Ve

deg ¥. Each meter was equipped with a set of five graduated
;‘_v  orifice plates, covering n dinmeter ratio () range of 0.13 to about
= 0.8, The density of the air was corrected for departures from
]E'_ the perfect-gas relation, and the cffect of humidity was taken into
- account. The coefficients and expansion factors for the orifice
~ meters were taken from ASME tables (6). Analysis shows that
the tolerance on the mass flow rate @ is of the order of =0.9 per
- cent. The values of G from each meter were averaged to estab-
. lish the mass flow rate for each test. The agreement hetween
- . the two meters was used as a criterion in accepting or rejecting a
test: If the values differed by more than 1.0 per cent, that par-
" ticular test was rejected.

Test Orifice Meter. The test meter was made from (new) 2-in.
Ateel pipe and a pair of commercial orifice flanges. The pipe
ends were faced flush with the flange faces, and the pipe-flange

eaded joints were sweated to ensure airtightness. The
_“_»l‘&ight approach and discharge lengths were 50 and 22 pipe
. Clalmeters. The meter was modified to include corner taps,
1 l!‘.' thront, taps, and pipe taps, as well as the flange taps (4). Corner
. *8P5 were formed by drilling a 1/¢-in. hole at an angle of 45 deg to

1 Mg orifice plate in the corner formed by the pipe and orifice plate.
b ¢ gasket between the orifice plate and flange was carefully cut

"> Prevent interference with the pressure-tap holes. The edges
| O the drilled flange and corner-tap holes were carefully smoothed
.. Témove burrs. Brass (SAE) tubing fittings were inserted
the wall to form the pipe-wall taps (pipe taps and upstream
2% taps). The ends of the fittings were filed flush with the
i walls of the pipe, and burrs were removed from the edges

% the holes. This method resulted in a tap hole having an
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inside diameter of about 1/, in, All pressure connections were
made with */i-in. copper tubing and (SAE) flared fittings,
High-pressure needle valves were installed in the manometer and
pressure-gage lines. Fach of the four sets of pressure taps way
duplicated on opposite sides of the pipe. The pressure-tap lines
were valved into four manifolds. Independent pressure measire-
ments were made befween each pair of corresponding manifolds.

The value of pressure or pressure differential for each run was
taken as the average of the two readings; the method used to
measure the pressure differentinl (Ap) for each run depended
upon the pressure ratio. For runs at high pressure ratios, the
differential pressure Ap was measured with cistern-iype mercury
manometers. Low pressure ratios resulted in discharge pressures
near atmospheric, and ps was measured directly with mercury
manometers, having one leg open to the atmosphere. Inter-
mediate pressure ratios necessitated the use of series manometers.
Four 50-in. mercury manometers (U-tube) were connected in
series, the spaces above the mercury und the conneeting tubing
heing filled with water. Air bubbles were carefully climinated
and each of the two sets of manometers was checked against
a4 single-leg manometer at 30 psi to ensure aceuracy. The dif-
ferential pressure for each run was calculated by summing the dis-
placements of each of the four manomelers, making proper allow-
ance, of course, for the water legs. The initinl or upstream pres-
sure was measured with a Bourdon-tube test gage which was
calibrated for every operating period, The two meters and the
test section were tested frequently for air leaknge by painting
all piping and pressure-tubing joints with soap solution.

The initial temperature of the air stream was measured with a
hare-bulb thermometer inserted into the line through a packing
gland located 15 pipe dismeters upstream from the orifice,
The line was not lagged, as the stream temperature nover dif-
feved from that of the room hy more than a few degrees, thus
sffectively eliminnting any error caused by heat transfer through
the pipe wall.  The orifice plate used in the test meter wis made
from 1/y-in. stainless-steel plate. It was designed to ASMID
specifications (7) as regards diameter ratio (3), downstream bevel-
ing, ete. The finished dinmeter d, was 0,3122 in., resulting in a
dinmeter ratio 8 of 0.1503. The upstream edge of the orifice
plate was formed by muking the final boring cut toward the
upstream face, and then carefully removing the resultant burr by
honing with a fine-grade oilstone held flat against the face of
the plate. The result was a square edge that did not reflect
light.

Procedure.  The compressor was cnused to run continuously
by controlled bleeding of excess nir over that flowing throngh the
meter run, The inlet and discharge pressures at the test seefion
were adjusted to approximately the desired values and then suf-
ficient time was allowed for constant pressures and temperatures
toobtain,  (The most sensitive indinators of steady flow were the
differentinl water manometers.) When steady flow was estab-
lished, one operator recorded the pressures and temperatures
for the two meters, while a second man recorded the test-section
data. If the differential pressures across the standard meters
changed during a run, the data were discarded. Little or no dif-
ference existed between the pressures at the four upstream tap
locations (flunge, throat, corner, and pipe); und, since, for a 2-in.
pipe, the downstream throat tap and the flange tap coincide, the
readings of the throat taps were discontinued,

Range of Variables. One orifice plate (d, = 0.3122in., 8 =
0.1503) was tested with air (y = 1.40) over a range of pressure
ratios from unity to sbout 0,13 at nominal upstream pressures of
112, 100, 80, and 80 psia. A majority of the runs were made with
the orifice operating at supercritical pressure ratios. Sufficient
subcritical runs were made to check the experimental coefficients
against the ASME valies:
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Air Density. The initial density of the air at the orifice was
computed from the relation

_ by
RruTl

P

where y is a correction for departures from the ideal-gas law.
The value of y was obtained from the ASME Fluid Meters chart
(4), and, in addition, the data of Sage and Lacey (8) were used as
a check. (Both sources agreed well in the range encountered
in this work.) The gas conatant, R,, was computed from R, =
1545.4/M, where M is the molecular weight of the mixture of air
and water vapor. The air was assumed to be saturated with
water vapor at the pressure and temperature in the air receiver.
The same value of R,, was used, of course, for density calcula-
tion for the two metering orifices and the test orifice,
Experimental Discharge Coefficients (KY). The values of KY
were computed for each test from the ASME (4) relationship

G
05254,V pdp

Forty-eight tests on the 0.3122-in. orifice were calculated, and
two of these tests were discarded as obviously containing errors.
Three values of KY representing corner taps, flange and throat
taps, and pipe taps were calculated for each test. The KY-r
curve was plotted for each pair of taps. The points were con-
centrated in narrow bands without exhibiting any differences
arising from the initial pressures (112, 110, 80, 60 psia). The best
curve that could be drawn for the corner and flange taps con-
sisted of two straight lines, one extending from r = 1.0 to r =
0.63, and a second line of greater slope extending from r = 0.63 to
r = 0.0. A similar linear correlation resulted for pipe taps; how-
ever, the inflection point* occurred not at r = 0.63 but at r =
0.77.  The unity pressure-ratio intercepts of the K'Y curves agreed
well with the proper K values tabulated (6) by the ASME for
flange taps and pipe taps, and with the value of & given by Regeln
(9) for corner taps. The limiting value of K for flange taps dif-
fered from the Regeln value for corner taps by only 0.2 per cent;
accordingly, the value of K for both pairs of taps was taken to be
0.5993, the ASME flange-tap value. The K-value for pipe taps
was taken as 0.6068, as listed in the ASME tables.

Expansion Factor Y. Having established and confirmed the
three values of K, each experimental value of K'Y was then di-
vided by the corresponding K to find the expansion factor Y.
These values of ¥ have been plotted versus the orifice pressure
ratior, in Figs. 2and 3. The corner and flange-tap values form a
common curve. The suberitical air data agree well with the
(linear) ASME flange-tap and pipe-tap expansion factors.
The supercritical data form straight lines which intersect the
ASME Y-r lines at » = 0.63 for flange (and corner) taps, and at
r = 0.77 in the case of pipe taps. In Fig. 2 the values of the
suberitical expansion factors are best represented by the ASME
equation for flange taps (4)

.............. [2]

Y = 1.0 — (0.41 + 0.35 §4) -

At pressure ratios below r = 0.63 the air test results for corner

TRANSACTIONS OF THE
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0.8916 for air. Correspondingly, the pipe-tap data at high Pfa-
sure ratios are represented by the following equation (4)

JULY, 1951 .I

1— R L
Y =1—[0.333 + 1.145 (8 + 0.7 85 + 12 B12)] ——" ) 4 =)
At pressure ratios below r = 0.77, the air test data for pipe tapn !
are represented by

Y = Yorr — 0364 (0.77 —r)........... .. [31'

Yo.n is the value of Y in Equation [5] at r = 0.77, and is Oﬁ-ll_o
for air. .
Accuracy of Mass Flow Determination. The experimenta]
determinations are based upon the use of standard ASME orificg |
meters to measure the flow rate G. An analysis of the arry
affecting the mass flow rate indicates that the probable tularmg
on the value of G for each test is =0.94 per cent. The actual test
results showed that an even smaller tolerance might be mlm
the two values of G calculated from the meters for each run agregq
surprisingly well. With the exception of a few preliminary tests 18
every run showed an agreement between the upstream angd |
downstream meter rates within 1.0 per cent. Of the final g-;du;p ;
of runs, the maximum difference between @, as indicated by 'rhﬂ
2-in-diam meter (upstream) and as indicated by the 3-in. me
(downstream), was 0.83 per cent. The average difference Was!
0.292 per cent (without regard for sign). The meters dmplay i
no consistent differences. For 24 of the 46 runs, the downq.
stream-meter rate was greater than the upstream-meter rate by
an average of 0.282 per cent. For the remaining 22 runs, th :
downstream-meter rate was less than the other meter rate by an '.
average of 0.30 per cent. .
Accuracy of Experimentally Determined ¥ Faclors. An n.usl
of the expansion factors Y, indicates that the tolerance on ¥
values is about =1.0 per cent. (The tolerance assigned to ¥ j
the subcritical zone in ASME Fluid Meters (1937) (4) is 0.5
cent.) This figure applies at a pressure ratio of about 0.5; runs s _
higher pressure ratios may be expected to be slightly less ag-i8
curate, the opposite being true at lower pressure ratios. =l

ExrENsioN or Expranston FAcTORs FOR STEAM

To determine the effect of ratio of specific heats ¥ on the ¢
pansion factor Y, essentially the same range of experiments s
that made with air (y = 1.40) was made using superheated steam
(v = 1.30). Saturated steam from the laboratory main (140
psi) was passed through a gas-fired superheater. The ste: "
was admitted to the orifice-pipe run through a 2-in. angle valve'
and after expansion through the test orifice and a downstreamy
control valve (3-in. steel globe), the steam was discharged into, \
surface condenser on the lower level of the laboratory. (Th
steam was desuperheated at the entrance to the condenser b
injecting a metered quantity of water.) ;

Test Orifice Meter. The meter was made from (new) 8
seamless-steel pipe and a pair of forged-steel orifice flang
(Since the air tests had shown similar expansion factor-pre
ratio correlations for flange taps and corner taps, the steam me!
was equipped only with flange taps.) The pipe ends were fa¢
flush with the faces of the screwed flanges and the pipe diame!
(3.091 in.) at the flanges was determined as the average of i
measurements made with telescoping gage and migromat

and flange taps are represented by the following equation

Y = Y —0.3501 (063 —r)............. {]

The orifice meter was installed in strict accordance with AS '
specifications (7); the straight approach and discharge length}
were 23 and 15 pipe diam. All piping from the auparheate'f 1
the condenser discharge was lagged with 1 in. of 85 per cent m
nesia insulation, and the meter flange was covered with 2 in.

where Yoe: is the value of ¥ in Equation [3] at » = 0.63, and is

Y ." oiw v
¢ This stands in contradiction to Perry’s work with pipe taps (10).

e Al: hit}:
However, Perry smoothed his data by plotting certain ‘‘flow factors' &SbeStosv The orifice plate, made from id /ein. staml]e-‘ﬁ'ﬂ . fuu
for which he presented equations. Relations for K Y as a function of  Plate, W beveled on the downstreal-n side at an angle ; i)
r were based upon these (empirical) equations. deg, leaving an edge thickness of !/;; in. The finish- boring cu& = taily,
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Was made toward the upstream face and the burr was carefully pipe.)  An ASME finned thermometer weil (11) (stuinlesy steel)
S "®Moved by honing with a fine oil stone. The finished diameter  was installed at a locstion 15 pipe diam upstream from the orifice

_°f the orifice plate was 0.4680 in. ; when installed in the 3-in. pipe plate. A mercury-in-glass (750 F) thermometer was inserfed
8 diameter ratio was B8 = 0.1514. The pressure tap (flange) in the oil-filled well, and the exposed end of the well wasinsulated
- 0les were made with a 1/,-in. drill, and the hole edges were to reduce hoat transfer. Stem-temperature readings (measured
. 'h.Hhtly rounded. Both initial and discharge pressures were by fastening a mercury thermometer to the exposed stem) were
v ehsured with Bourdon-tube test gages which were calibrated  recorded and stem corrections were applied to the steam ther-
" Cuily, (The taps were not duplicated on opposite sides of the mometer readings.
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630 TRANSACTIONS OF THE ASME

Test Procedure. About 3 hr were required to establish equilib-
rium values of pressure and temperature at the orifice meter.
It was possible to maintain a constant initial pressure at the
orifice by occasional adjustment of the inlet (angle) control valve.
The steam temperature was controlled by adjusting the firing
rate of the superheater; however, variations of 3 to 4 F did
occur during a test. The temperature was recorded every 2
min during the 35-min tests, and these readings were averaged to
find the run temperature. Aftersteady flow was established at the
desired pressure and pressure ratio, the condensate and injection
water tanks were weighed and two stop watches were started.
Frequent short checks were made of the flow rate at the conden-
sate tank to detect rate changes during a run (the condenser was
operated at atmospheric pressure). The water tanks were
weighed again (simultaneously) at the end of a run.

Range of Variables. One orifice plate (d, = 0.4680 inch, 8 =
0.1514) was tested with steam at pressure ratios down to r =
0.127 with flange taps. The runs were made in four groups
with constant initial pressures of 113, 92, 75, and 60 psia and with
a constant superheat of about 190 F,

Experimental Discharge Coefficients. The values of KY were
computed for fifty tests from the relationship

@,

0.525 Ed,* \/ p.Dp 17
where F is a factor to compensate for the area enlargement of the
orifice from thermal expansion (7). At any one initial pressure,
the average steam temperature #, varied by less than 10 F;
hence it was assumed that the steam density would respond to
the small temperature variations as an ideal gas, and the mass
flow rate for each test was corrected for the deviation of the run
temperature from a selected average value ¢,. The relation is

@ = ¢\TT,

where G'and T are the actual test values and T', is the mean tem-

perature for the particular group of tests. Having thyg adel
justed the mass flow rates, the initial density was taken fp.
steam tables (12) at the constant pressure (p:) and meap
perature (£,) for each of the four groups of tests.

The individual KY-values were plotted versus the gri
pressure ratio. Despite the wide scatter of the data (when eopy! &
pared to the tests on air), the ordinate intercept (atr = 1.0) of ":
KY-curve agreed well with the high Reynolds number ASM:B
value: K = 0.5952. .-
. Ezxpansion Factors Y. The Y values (KY divided by 0_5955
are plotted versus the orifice pressure ratio in Fig. 4. The ASME |,
expression (Equation [3]) for ¥ (v = 1.3) is plotted as the solld’
line in the subcritical region; a second straight line is drawn ¥
represent the supercritical data. Note that the suporeriting
line intersects the ASME curve at r = 0.63. It will be recalled
that similar results were obtained with air, but the slope ingragsa:
at r = 0.63 is only about one balf that for air. (The change ip - ]
from 1.4 to 1.3 no doubt affects this inflection pressure ratio, ]I
the [steam] data are insufficient to show the nature of the effeqt,) !

The supercritical data for steam are represented by the raly
tion i

Y = Yy — 0.3480 (0.63 — 7). ivvnnnnn, :(8)4

Ol

where Yoe is the value calculated from Equation [3] for ¢ o
0.63, and is 0.8833 for v = 1.3. (Equation [8], probably, 150"
applies to corner taps at low diameter ratios, since the air tegts’
established the identity of the flange-tap and corner-tap ¥ep
correlations, at 8§ = 0.15.) t
Accuracy of Experimental ¥ Curve. A mathematical snalysis
of the errors affecting Y indicates the tolerance to be slightly over ™
=1.0 per cent. However, examination of Fig. 4 shows that the
spread of experimental data, even in the supercritical region
is of the order of =3.0 per cent, a scatter that is quite inferior | 3
the results obtained with air. For some reason, the computed
Y-values for the 113- and 92-psia tests fell below the values for the’
75 and 60-psia tests. This apparent pressure effect accounisy
in part, for the wide scatter of data. Such a pressure effect &
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not to be expected and probably stems from a systematic error

= inthe experimental technique.

s

= g

i1

]
N

= ) I \._ = S

b e

-

DI T

-

Comparison With Other Data. Although Schiller’s (13) data
for steam were taken with German standard orifices (corner taps),
they may be compared with the present results, since the air
tests have established that the Y-r curves for flange taps and
corner taps are identical (for 8 = 0.15 only). Values of ¥ have
been calculated from Schiller’s data for 8 = 0.2 and are plotted,
for comparison, in Fig. 4, In addition, a dotted line has been
drawn in the subcritical region to represent the Regeln values for
the expansion factor, (for steam, v = 1.31), The agreement of
Schiller’s data and the Regeln curve with the experimental re-
sults is evident.

Mazimum Mass Flow Rate, A few investigations of compres-
gible flow through orifices (1, 14, 15) have indicated maximum
flow ratios of the order of 0.2, i.e., further reduction in the dis-
charge pressure had no effect on the flow rate. This group of
tests, conducted at pressure ratios as low as 0.13 for both air and

_ steam, showed that the flow rates continued to increase as the
. discharge pressure was lowered. A few tests were made with

steam at pressure ratios down to 0.074, with no apparent limit-
ing flow being reached. Rateau (16) and Reynolds (17) ob-
tained data at ratios as low as r = 0.04 and 0.10, respectively,
with similar results.

SurercriTICAL FLow With H1GH VELOCITIES OF APPROACH

For diameter ratios greater than about 0.4, the approach or

| pipe-line velocity becomes an appreciable factor, The approach
« velocity is directly proportional to the flow rate and hence

varies with the orifice pressure ratio. The combination of a
large diameter ratio 8 and a low orifice pressure ratio creates two
unique problems:

1 Violent shock discontinuities exist in the orifice jet. Thesp

* disturbances logically might be expected to complicate measure-

ment of the discharge pressure when the pipe wall is in close
proximity to the jet.
2 The stream temperature can no longer be measured in the

- usual manner, because stagnation of the high-velocity fluid on the

thermometer causes a temperature to be indicated that is higher
than the actual static stream temperature,

The investigations of Hodgson (10) and Schiller (13) appear to
be the only two sources of data on supercritical flow st high 8
values in the literature.* They are slike in two important re-
spects:  (a) both used corner taps fo measure the orifice-meter
pressures, and (b) both apparently neglected the fact that tem-
perature measurement constituted a special problem.

To investigate the flow characteristies with a squarc-edged
orifice and a high approach velocity, the 2-in. pipe test section
used for air was replaced with a small (d; = 0.527 in.) pipe and
orifice flanges, Orifice plates ranging from § = 0.2t0o 8 = 0.8
Were tested in the small pipe over a wide range of pressure ratios,

High-Velocity Test Section. The general arrangement of the
test section and details of the orifice meter are shown in Fig. a.
The meter was made from #/win. (hard) drawn copper tubing
(d = 0.527 in,) and a pair of orifice flanges machined from

- brass, The two flanges were sweated onto the tubing and the

fina] facing operations were made with the tubing held in a lathe
collet, thus ensuring that the recesses cut in the fange faces would

—_—

¥ At least with date based upon initisl static pressure and tem-
Perature. Grey snd Wilsted (20) and Neal (10) have presented adia-

~ batic discharge coofficients based upon total pressure and total tem-

Perature, Except for vory emall diameter ratios, the two forms are
ot directly comparable. Through continuity, total head coef-

tients may be converted to the usual form, but the relations are
tather complox.
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be concentric with the tubing, The corner taps were drilled at
an angle of 45 deg to the flange faces as shown in Fig. 5. In
addition, another set of taps was located in the pipe wall, 1 pipe
diam above and 1 diam below the upstream face of the orifice
plate. These taps will be referred to as “wall taps” in the fol-
lowing section. In addition, a third downstream tap was located

THERMOMETER
A

ORIFICE

—

o
DRAWN
TUBING

LD:=0.%527 IN.

F16. 5 Ogririce MeTer Usep ror AIr-FLow Trsts Wit Hiex
APPROACH VELOCITIES

wall taps, 1 dinm upstream and downstream from
: pipe tap, 8 p]ipo dinm downstream from face of orifios
pliste,}

(Cr: corner tn?.!; w:
faco of orifice plate; P

8 diam from the orifice plate in the standard pipe tap location.
Thus pressures could be measured at the following:

1 Corner taps.
2 Wall taps, located 1 diam from the face of the orifice plate.
3 A downstream pipe tap, 8 diam from the orifice plate.

The taps were duplicated on opposite sides of the pipe, and all
(ten) of the tap holes were drilled with & No. 60 drill (0.040 in.).
The bore of the tube was polished with erocus cloth to remove
burrs, The method of pressure measurement (by manifolding
the lines) was similar to that deseribed for the 2-in. pipe meter,
the only difference being that the pressure differential, for the
intermediate range of orifice-pressure ratios, was determined by
measuring the discharge pressures direcily with a gage.

The entry to the test section (at 4, Fig. 5) consisted of a pol-
ished convergent nogzle having a throat diameter equal to that
of the tubing inside diameter. The inlet end of the nozzle (2
in. diam) was coupled to the 2-in. discharge pipe from the up-
stream metering orifice. The approach (A-B) of the test meter
was long in length to ensure uniform flow at the orifice. The
discharge length (B-C) terminated in a 11/, in. globe valve which
was used to regulate the downstream pressure, The air was fi-
nally discharged to the atmosphere through the downstream
metering orifice; All piping joints and pressure tap lines, from
the upstream meter inlet to the downstream meter outlet, were
checked frequently for leaks (with soap solution). The initial
pressures at the test orifice, as well as the discharge pressures at
pressure ratios near 0.5, were measured with a precision dial
manometer. For the range encountered, the gage could be read
to about !/is per cent accuracy; it was specially calibrated by
the manufacturer and checks in the laboratory indicated that
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for the range in which it was used, no corrections were neces-
sary.

Temperature Measurement. In addition to the fact that high
fluid velocities produce thermometer errors, the tube size (0.527
in.) was such that a thermometer or thermocouple inserted
through the tube wall would seriously restrict and disturb the
flow. As an alternative, the temperature of the air was measured
in the 2-in. pipe a few diameters upstream from the convergent
entry nozzle (at A in Fig. 5). The assumption was made that
the air upstream from the nozzle possessed zero velocity—a valid
assumption, since the maximum velocity in the 2-in. pipe for
any of the tests was less than 40 ft/sec. The flow from the
nozzle entry to the orifice was assumed to be adiabatic because:

1 The stream temperature (¢;) in the 2-in, pipe was essen-
tially equal to the temperature of the room.

2 TFréssel used a similar nozzle and tube arrangement in his
determinations of high-velocity friction factors. Frissel
found that . , . . as a result of friction, the gas in the neighbor-
hood of the wall acquired approximately the temperature of the
outside air so that no heat exchange takes place through the pipe
wall’” (21).

By thus assuming the total energy of the flow to be constant,
the total temperature at the orifice is equal to the (total) tem-
perature at the tube nozzle entrance, and the stream temperature
U, at the orifice may be calculated.

The enthalpy before (h;} and after (k) expansion in the entry
nozzle are related by

hi = h +

Since air can be assumed to be an ideal gas, then A = C,T and
= RT. These relationships along with the continuity equa-
tion G = pyw,A, can be substituted into Equation [9]

17 i
T + [2"“;‘, ( G) ] T, — [2———““’1}2‘, Ce (%) ] T, =0

and thus the static temperature T; is a function of the known
quantities T;, p, and G. Equation [10] was used to compute the
stream temperature 7', for runs with high approach velocities.
In the majority of the tests, the difference between 7', and T
wag small; however, the difference was appreciable for tests on
orifices with diameter ratios of 0.7 and 0.8.

Prediction of Stagnation Error. By continuity and the ideal
gas relation

w o= -2 = K¥mV1—7 V2ET...... (11]

AlPx

By combining Equation [11] with the isentropic velocity equation

2
w =J g5y T BT [ Ty/T ] [12]
Y —
it follows that

(KY)y2Emi(l—r) =

—1]....... [13]

From Equation [13] the ratio of the total temperature T; to the
static stream temperature 7', may be calculated at any pressure
ratio on the basis of the K Y-value.

Orifice Plates. The square-edged orifice plates, machined
from 1/,-in. carbon steel, were 1.48 in, diam. The downstream

.I"r
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faces of the plates were beveled at an angle of 45 deg. Dim, e I I' 085
sional details are given in Table 1. . i
. }_‘5 . 060
TABLE 1 DIMENSIONS OF ORIFICE PLATES & ;
Edge-width P 073
Nominal § do, in. ratio, L/do 0337 L,
0.2 0.10724 0.1090 0.2035 %010
0.3 0.15953 0.0805 0.3027 1
0.4 0.21327 0.0284 0.4047 .
0.5 0.26547 0.0413 0.5037 | = J
0.6 0.32248 0.0226 0.6119 i k06
0.7 0.37150 0.0220 0.704p 0
0.8 0.42535 0.0263 0.8071 & .
4 ! o‘ﬁo
The dimensions were determined by measurements with' f If‘,‘
cathetometer microscope. The values of d, for each plate Wery. & 085
established as the average of 8 measurements across 4 digm = | 48
Previous investigations have shown that the thickness of thy' By 030
orifice plate does not affect the discharge characteristics proyids e
ing the edge-width ratio L/d, is small. The ASME specificatipn® £ °04*
(7) in this respect is L/d, € 0.125; thus all of the plates con B e
Test Procedure. The tests were conducted in the manner p { had
viously described for the 2-in. pipe meter. The mass flow 1y - A
was similarly measured with two standard meters. Duplicata i 0, 6
readings of the pressure differentials were not recorded; rathey & 3
checks were made with each orifice plate installed to ensure '~
the pressures at the taps on one side of the line agreed ¥ 3 :'.w A
those of the diametrically opposite taps. No differences wops:
detected for any of the orifice plates. “# “thé ba
Range of Variables. Seven orifice plates, representing a rangy batwe
of diameter ratios of 0.2 to 0.8, were tested at a nominal initiafl o . B
pressure and temperature of 90 psia and 75 F over a rings i “about
pressure ratios from unity to about 0.14. The orifice-meter

sures were measured at two pairs of taps and at a downstreasgs =
pipe tap for each test. :
Experimental Discharge Coefficients KY. Discharge coefli :
were computed for each of an original group of 149 tests. Of thif been ¢
number, four tests were discarded as obviously in error. JIhi ™
calculations were based upon a discharge pressure measureg _' 291
the corner tap (ps.) and on an upstream pressure measured af § 1
wall tap (piw) located 1 pipe diam upstream from the orifiefy :
The corner-tap initial pressure p,, is nearly equal to pi, for flof 35 Pt
through orifice plates of low diameter ratios (and for all | The
near unity pressure ratio). Whenever the approach vel i ‘u 0 i
becomes appreciable, a ram effect occurs at the face of the o '
and the corner-tap pressure is increased: pic > pw. It W
cided to base the calculations on piw, and ps. for the follo!
reasons:

1 Caleulation of the density p: in the ASME equation; )
quires knowledge of pi, the static stream pressure, The corns \| of t
pressure i, represents the static pressure plus some unknown ras I
effect.

2 The method of forming the corner taps was, of nocessil
arbitrary. Although the downstream (p..) reading may resso
bly be expected to be unaffected by high-velocity phenomer
the “recovery factor’” of the upstream taphole is an u.ukn
quantity. On the other hand, the simple wall-pressure me
ment is dependable and easﬂy reproduced; it may be rehed l-l
as a close approximation to the ‘‘true’ static pressure.

3 The method is not unprecedented. Witte reported dﬂ-ﬂ‘
a similar basis (22), W

The KY-coefficients are plotted versus the orifice presi®
ratio pa/piw in Fig. 6. Individual plots of the data for 8 =02
0.3, 0.4 revealed that the data were all essentially alike; accO®
mg]y, the test values for all three of the low-diameter-ratio pi#
were plotted to form one curve in Fig. 6. Separate curves M
shown for the remaining four orifices. All of the coefﬁci
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greed with ~ were calculated originally on the basis of T, the total tempera-

2nces were . - ture. Where warranted, the coefficients were recomputed on

" the basis of T (as established by Equation (10]). The differences
ng a range " between T; and T, were negligible for the five smallest plates,
.inal injtial Le, 8 = 0.2t00.6. (The value of T; — T, was a maximum of
a range of b I. about 4 deg for 8 = 0.6.) However, all of the runs on the two
neter pres- ' largest plates were computed on the basis of T, as well as T
wnstream * The maximum temperature differentials occurred for the low-

- pressurc-ratio tests on the B = 0.8 plate, and were of the order of
-oefficients 4} = 10 to 15 deg, Two KY-r curves, based on T; and T, have
5. Of this EI been drawn for the 8 = 0.7 and 0.8 plates; the progressive sepa-
ror. The Wk ration of the coefficient curves illustrates the temperature effect.
asured at ;‘— At & pressure ratio of r = 0.5, the difference between the coef-
red at the S ficient curve, based upon the total temperature T'; and the curve
he orifice. "haaed upon T, amounts to about 0.6 per cent for B = 0.7 and
:w for flow == 1.25 per cent for § = 0.8,

- all flows S§ g . The graphical presentation of the coefBeients in Fig. 6 reveals
v velocity S gome interesting facts:

he orifice, Iy

“t was de- 'l The suberitical K¥-data form a linear relation from r —
following ?10 tor = 0.63.

F’ 2 Asecond straight line represents the data from r = 0.63 to
the limit of the test~pressure ratios.

3 A change of flow regime apparently occurs at ¢ = 0.63 for
'”lll of the diameter ratios.

|ation re<- ¢
he cornes
1own FAI -
= .1t will be recalled that similar results were obtained with the
+Air data and with the steam data, (8 = 0.15).
;-a Determinations of K by Extrapolation. Since no established
 Water coefficients exist for a meter as small a8 0.527 in, diam, the
"‘_1118-5 of K for each orifice plate were determined by extrapolat-
- ,"“E the (subcritical) KY-r curve to r = 1.0. The resultant
" ues are given in Table 2, along with the K V-values at r = 0.63
~adr <,
. The valyes of K for diameter ratios up to 0.7 are represented
% within 1.3 per cent by the relation

jecessityy,
reasonds
smomens,
nlenown 8

K = 0.608 +0415 84 ... ..., [14]

b g;h“ equation for X is included to emphasize the conventional be-
Vier of K as a function of B, despite the very small diameter of
L @ orifice meter.

neion Faclor Y Versus Pressure Ratio.

The data in Table
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TABLE 2 EXPERIMENTAL DISCHARGE COEFFICIENTS FOR AN
ORIFICE METER WITH HIGH VELOOCITIES OF APPROACH

K
(KY atr = 1.0)

Nominal g KYatr = 0.63 KY atr = 0.0
0.2 0.616 0.548 0.407
0.3 0.616 0.648 0,407
0.4 0.616 0,548 0.407
0.5 0.634 0,562 0.413
0.8 0.685 0.585 0.423
0.7 0.719 0.624/0,622¢ 0.445/0.440¢
0.8 0.820 0.703/0.696¢ 0.452/0,444°

@ The two values are, respectively, KY for 75 and KY for Ti.
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To 0.8

2 are sufficient to establish the expansion-factor curves for the
seven orifice plates; the KV-values at r = 0.63 and r = 0 were
divided by K for each orifice plate; the value of ¥ atr = 1.0 is,
of course, unity, The Y-# relations appear in Fig. 7.

The value of the expansion factor ig little sffosted by minor
changes in pressure-tap location near the orifice plate. The
ASME (suberitical) relation (4) for ¥ ig linear, us is ¢ the
“Regeln” (9) expansion factor. In Table 3 the values of the
experimental Y-values at r = 0.63 are compared with the values
computed from the ASME equation

1—r
Y

for flange taps, and with the values of € at » = 0.63 taken from
Regeln for corner taps.

Y = 1—(0.41 +0.358%)

TABLE 3 EXPANSION-FACTOR VALUES AT r = 0.63, v = 1.40
Regeln ABME Experimental
8 ¢ Y Y

0.2035 0.889 0.8915 0.890

0.3027 0.889 0.8909 0.890

0.4047 0.887 0.8892 0.890

0.6037 0.883 0.8857 0.886

0.6119 0.875 0.8787 0.879

0.7049 0.863 0.8689 0.868/0.865¢

0.8071 0.845 0.8524 0.857/0.849a

@ The two values are, respectively, ¥ for T%, and ¥ for Tt.

The experimental values for ¥ agree well with the ASME
values; the Regeln values are lower by about 0.3 per cent at
small values of 3, to about 0.8 per cent at Jarge values of 3.

Considering this agreement (Table 3) of subcritical Y-values,
it is probable that supercritical flow through standard (large)



?3 ¢

il
oo 634 TRANSACTIONS OF THE ASME JULY, 195,

meters can be predicted on the basis of the results demonstrated  2-in. and 3-in. meters (at 8 = 0.15) are probably applicable to L3 . 1
e a0

. in Fig. 7. diameter ratios as large as 0.4. oy
{ At pressure rutivs below 0.63, the expansion factor for 8 = 0.2, 3 ‘-1'
0.3, 0.4 is represented by the following relation THEORETICAL EXPERIMENTAL COMPARISONS =

Y = Yous—0.365 (0.63 —r)............ [15] Chaplyggi'n (23) in 1904, presented an analytical solution for' i
the suberitical efilux of a gas from a slit in a plane wall ; and the
where Yo is the value from Equation [3] at r = 0.63 for the period of 1930 to 1933 marked the appearance of several (24
proper diameter ratio. Supercritical data for the larger plates 25, 26, 27, 28, 29) approximate theoretical solutions to th;"l .
may be represented by similar equations, (The slope increase problem of subcritical compressible flow through orifices. Al-'.
in the Y-r curves, at r = 0.63, is less for the larger orifico though a few of these svlulions have been extrapolated (erronp 13 )
plates.) ously) to supercritical pressure ratios (13, 23, 27), no successfyl - e '
Significance of Y-r Inflection Point. The correlation of ¥ means of predicting the flow behavior of an orifice at very low. : ol
with pressure ratio demonstrates that compressible flow in an pressure ratios has been known. In conjunction with the prmf i Rt
orifice undergoes fundamental change in flow regime at, or near, investigation an equation was derived (18) that predicts thy L
r = 0.63. It is reasonable to assume that high-velocity com- contraction behavior of the gas jeb at supercritical pressyra’ ' B o
pressibility effects account for the different Y-r correlations at ratios. The contraction coefficient, in conjunction with certain o riv

low and at high pressure ratios. Local accelerations in the flow  one-dimensional gas-dynamics relations, renders possible the - . qu
afford a logical explanation for the fact that the inflection occurs prediction of the mass flow rate for a square-edged orifice, T'his ¢cla
not at r = 0.528, the theoretical critical ratio, but at r = 0.63. new solution, plus the solution of Buckingham (27) for the sub- :
Stream filaments adjacent to the orifice plate undergo large ac- critical zone, enables the gas flow rate of an orifice meter to ba

celerations, and, no doubt, sonic velocities are encountered at the predicted quite accurately over the entire range of pressure rutiog o 3
edge of the plate before the over-all pressure ratio is sufficiently  from unity to zero, In common with other approximate thoge 4 |: ‘I.I- wh:

low to produce (one-dimensional) gonic velocity., retical solutions, the gas jet-contraction coefficient was estabe LB

Summary of Ezpansion Factors. Air and steam flow measure-  lished by correcting the incompressible or water coefficient for the & f
ments at § = 0.15, and air flow at high approach velocities, all  effects of compresgibility. Impulse-momentum relations® warg |
produced Y-r correlations that had inflection points at r = 0.63, applied to the orifice jet at the minimum section of the conyars
whén based upon pressure taps located close to the orifice plate.  gent-divergent stream where the jet pressure and velocity ar .
(While it is likely that the inflection points were affected by the constant and of critical magnitude. b
specific-heat ratio <y, and the diameter ratio 3, the amount of The supercritical contraction coefficient My, Which l'e;:u'esq;:[f
data did not warrant investigation of these variables. The net  the ratio of the minimum or critical jet area to the area of the
effect on the pressure ratio of the inflection would be quite small.) orifice, was expressed in the form of a cubic equation b

ke [ m (r, — 1)

¥ y—=1 2 1 '.
Loy e/ —L 1— v 2L = ) 1)
wot b ][7— 1< & ) (m T u’) i rl‘.

— Ky ,Y_lrﬂl/’(l—r, g >+(rc—r)j| +l—r]l=0.....

The agreement of the subcritical experimental data with the Equation [16] demonstrates that the jet contraction? M, 18 . .
ASME expression for ¥ suggests that the ASME (4) equation pendent upon the pressure ratio r, the ratio of specific heals 7,
1—, the orifice-pipe area ratio m, the incompressible contraction ¢o-\

Y =1—(041 +0358) —— . ......c... [3] efficient g, and the critical pressure ratio 7.. The term r, wa

Y shown to be related to m and ¥ by the following equation

be modified as a means of establishing an equation to represent ¥ 1— 1 :
at low pressure ratios. On this basis, the results of air-flow tests re Y 4+ y—- plrmrr 2y =1 —= . [
in & 2-in. pipe meter (flange and corner taps 8 = 0.15, Fig. 2), 2 2

may be represented by

¢ Unlike the Borda nozale, the pressure on the upstream face off
Y = Yo — 03501 (063 —r)............ (4]  the erifico plate is not uniform, but ditminishes near the edge of t

opening. To overcome this problem, resort was made to & rols

where Yo is ¥ from Equation [3] at r = 0.63. de\-i.?led b;ir) Buckingham (27) in his approximate theoretical sri‘l 1
imilarly, f heated st =138 =015 d, = for the suberitical onse: The force exerted on the upstream face of
Similarly, for superheated steam (7 B O 8 the orifice plate by n compressible fluid nnd by an incomp psaibld]

in, Fig. 4) fluid are equal under certain conditions. The validity of the method
Y = Yo — 0.3480 (0.63 —r)............ [8] iz evid d by the excellent agr t between experimental (suly
critical) datn nnd Buckingham’s solution. !
The expansion-factor data for the high velocity of approach tests * Compressiblo flow in a Borda nozzle was similarly treated, ! d’
(for 8 = 0.2 to 0.4, Fig. 7) may be represented by the {Iﬂlli_mil;lx expression for the supereritical contraction cocfficient
was derive i

Y = Yo — 0365 (0.63 —r)............ [15] by = 1—r I
;=

) . ] . m—i—l—)——;i‘ r.e ra I CAMATAEN 3 I'.
Smnl‘ar equations may, of. course, tfe written for the: other X" 4 p was the case with the orifice solution, this expression may be solveR
pansion-factor curves in Fig. 7. It i noted that the increase in g, = 0, yielding s value of gy = 0.790 for v = 1,40, The suberitie
slope of the Y-r lines at r = 0.63 is less for large than for small  contraction coefficient was proviously established by Busemann (9%
values of (. y—1[ 1—r i
The diameter ratio 8 has little effect, when small, on the ex- be = 50 [r_r]rsn‘ """"""" ; [#
pansion factor Y. Consequently, Equations [4] and [8] for the The two equations are identical at the critical pressure ratio. :
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If the velocity of approach is zero

X
= <7 i 1>7—1 ................ [20]

¥ Once m, the area ratio for the orifice meter, is selected, the value of
| u is established, i.e., it is the incompressible flow coefficient for
| that orifice, at high Reynolds numbers,

‘4" The mass flow rate, at supercritical pressure ratios, may be
K
found from
[ ‘Y
1 2¢.Y (rc2/7 — Te 21
;| G = umd, 7_lplpl':1__Mﬂzmzre% o [21]

Ignd the value of u, from Equation (16]. Buckingham (27) de-

| rived an expression for u, for the case of subcritical flow, His
'quadratic-equation solution may be expressed, in the nomen-
.1 clature of this paper, as

h _Z B,.z/-r’
I IS ke = T70g [1 - ‘/1— ol (r— [22)

F . p ¥ Ii,.ﬂ.’v_,.}%]

Yy—1 1 —»
1 2 1
: l;. B=Z[m’+—_—:,—m’r2/"‘
v . “ u?
-:".“ 1' E .Using K, from Equation [22], the mass flow may be found from
y | ril
t
- - o ¥
it 29;7 [ r'-’;? —_r ]
*.’1 #l G = p,m4, y—1PP T Py L [23]

i ‘M the critical pressure ratio, the supercritical Equation [16]

R for p,reduces to identity with the subcritical Equation [22). The

& ¥ mupereritieal solution for &, and Buckingham's suberitical solu-
W . ton were compared with the experimental results of Bachmann
4 (81) for air flow, and with Schiller's dats, (13) on superheated

R
:} . By eliminating the mass flow rate G between the ASME equa-

P

g

v

-

TA:

& Equation [22] and
.II_ VS

= Bteam. The theoretical solutions predicted the experimental
 tesults to within 1 per cent; the difference increased to 2 per
~ centat pressure ratios below 0.2,

tion and the isentropic equation, a relation can be obtained in
Which & theoretical expansion factor ¥, th i3 expressed as a func-
ﬁoﬂ of the theoretical coefficient #,. The relationship is

-H

I

|

¥

Iz
N

At

B = 1
LNl ‘} 71(72/7—7 v

1 Yo-—©2— _ _ ° [24]

EN1Y/up—m %7 A/1—;

e for the subcritical case where y, is computed from Buckingham’s

e & V= (oo, 5
- R Yu = il [25]
s e K‘\/l/ug’—m’r,zf"-‘\/l—r

[ A
-1 for the supereritical range of pressure ratios whers the value of

4t & computed from the eubic Equation (18],

' The information Tiecessary to establish i, is m, g, r, and r,.
the incorapressible, or liquid, contraction coefficient 4 may be
S ound from the water coefficient K by the relntionship

! ) i
\/1 + miKE

SR vl [26]

The theoretical Y-r curves from r = 1.0 to r = 0 have been
plotted for two of the orifices tested:

1 The (ASME) 2-in. pipe meter with B = 0.15, v = 1.40,
2 The mid-range orifice plate of the series tested in the 0.527,
in. line: B = 0.3, v = 1.40.

Note that for 1, K was taken from the ASME tables, and for 2,
K was obtained by extrapolation of the K Yer ourve tor = 1,0.

In Figs. Band 9 the solid-line curves represent the theoretical
solution, and the points represent the individual Y-values deter-
mined by experiment. The comparison shows that the theo-
retieal solution predicts experimental resulis to within 1 per cent
over most of the range of pressure ratios, the difference increas-
ing to o maximum of 2 per cent at r = 0,12 for the 2-in., § = 0.15,
meter. Thus the correlations obtained with the data of Bach
mann and Schiller have been confirmed by new experimental
evidence.

SuMMARY

Ezperimental Results. Probe investigation of air and steam
jets showed that (a) Stanton’s findings are applicable to an orifice
with unrestricted approach, (b) shock disturbances first oceur at
or near the critical pressure ratio and are present for all lower
ratiog, and (¢) apparently no shoeck disturbances exist at the
edge of the orifice, the initial shock oceurring downstream in the
free jet,

The discharge coefficients for the flow of air (2-in, pipe meter)
and for the flow of steam (3-in, pipe meler) were measured
et pressure ratios from unity to 0.13. The diameter ratio 8 of
both meters was 0.15, Steam flow tests at pressure ratios as low
as'r = 0.074 (and for air, r = 0.18) failed to detect a limiting
mass flow rate (as previously reperted by some investigators),
For the air tests, the orifice-meter pressures were measured at
duplicate flange, corner, throat, and pipe taps. Values of the
expunsion factor ¥ were computed for exch air test and plotted
versus the orifice-pressure tutio; the corner and fnnge-tap values
formed a common ecurve. The suberitical air data sgreed well
with the (linear) ASME flange-tap and pipe-tap expansion-factor
equations. The supereritical dats formed straight lines which
interseoted the ASME (¥-r) lines at r = 0.63 for Aange (and
corner) taps, and at r = 0,77 in the case of pipe taps.

Similar results were obtained with the experimental flange-
tap data for steam. Again, the suberitical data were best repre-
sented by the ASME expansion-factor equatien. The super-
critical data formed a straight line which intersected the ASME
curveat r = 0.63; the change in slope at this ratio was considera~
bly less for the stcam data (y = 1.3) than for the air duta (v =
1.4).

The effects of high approach velocity were investigated by
measuring discharge cosfficients (KY) for the flow of air through
orifices in a 0,527-in. smooth pipe with diameter ratios from 0.2
to 0.8 (seven orifice plates). Pressures were measured at wall
taps located 1 pipe diam upstream and downstream from the
orifice plate, and at corner taps. The coefficients (K¥) were
computed for each test on the bnsis of the upafrenm pressure
measured at the pipe wall I diam from the plate and on a dis-
charge pressure measured nt {he corner tap. Each of the seven
plates wus tested over g range of pressure ratios from unity to
about r = 0.20, When plotted versus the pressure ratio, the
KY-values formed essentially two straight lines for each plate;
one line extended from r = 1.0 to 0.63, and a second line of
increased slope extended from r = 0.63 to the Jimit of the test
pressurg ratios. The water coeffivient K was determined for
each plate by extrapolation to unity pressure ratio. The expan-
sion factor -pressure ratio relstion was established; the sub-
eritical ¥-values showed close agreement with the ASME flange-
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tap expansion factors for plates with diameter ratios to 0.7.
Expansion-factor equations were presented for the supercritical
region,

A theoretical solution for the case of supercritical flow pre-
viously presented by the author was compared with air data for
orifices with 8 = 0.15 and 8 = 0.50, The theory agreed with
experimental results within 1 per cent for most tests; the differ-
ence increased to 2 per cent at very low pressure ratios.

Practical Applications. The square-edged orifice for super-
critical flow appears to have the same advantages that have firmly
established it a9 a metering device in the suberitical range of pres-
sure ratios, i.e., simplicity, economy, and ease of reproduction.

These factors plus the convenience of the supercritical expansi
factor correlation suggest the use of the orifice in place of the ¥
called critical-flow nozzle in many applications: the con

metering nozzle is not infallible, for appreciable variations
oceur in the discharge coefficients for flow at high velocities if ¥
nozzle is not properly shaped to avoid wall separation?® - P

Heretofore, the absence of any theoretical solution, and'#

limited nature of the experimental evidence, have barred effé€
tively the use of the orifice for accurate metering at low p

¥ Witte's tests (32), for example, showed that the coefficient 014
convergent nozzle changed by as much as 6 to 8 per cent for &
near the critical-pressure ratio.
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| ratios. Such use has received scant attention in the literature;
- and the usual attack has been to treat the orifice as a convergent
nozzle, i.e,, to assume a constant discharge rate in the super-
critical range of pressure ratios. Suggested values of discharge
coefficients have ranged from 0.60 to 0.86 ; actually, the adiabatic
. discharge coefficient varies by about 15 per cent in the super-
1 critical region.
The use of the expansion-factor type of flow equation and the
- convenient linearity of the Y-r correlation should facilitate
_ the metering of compressible fluids at supercritica) pressure ratios
' with an accuracy comparable to that in the usual metering range.
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Discussion

J. A. Perry, JrY The writer's values of KXY in a previous
paper® are a maximum of 2.2 per cent higher than the author’s.
This could be due, in part, to the smaller values of B used by the
writer.

It will be noted that when values of KV for 8 > 0.4, taken from
Table 2 and Fig. 6 of the paper, are substituted in Equation [1],
that the flow G, increases t0 a maximum and then decreases with
decreasing pressure ratio. This maximum flow value appears
betweenr = 0.1andr = 0.3 depending upon 8.

Tt would not seem that deeteasing pressure ratio could result in
decrensing flow, so there appear to be discrepancies in the
values given for K'Y in Table 2.

The writer indicated that suberitical flow with s negligible
velocity of approach could be expressed

Q=3\V1—p
where
Y,
~ PA
where
w = flow, Ib per sec
T = upstream temperature, deg R
P = upstream pressure, psia
A = orifice area, sq in.
r = pressure ratio, P./P,
M = const

This equation takes the form of an ellipse. That suberitical flow
can be expressed in elliptical form was further shown by Bean,
Buckingham, and Murphy!! as demonstrated by the writer.

* Republic Flow Meters Company, Chieago, IIl. Jun. ASME,

10 “Critical Flow Through Shurp-Edged Orifices,” by J. A. Perry,
Jr., Trans, ASME, vol. 71, 1949, pp. 757-7064.

1 Discharge Coefficients of Orifices,” by H. 8, Bean, E. Bucking-
ham, and P. 8. Murphy, National Bureau of Standards, Journal of
Research, vol. 2, 1920, pp. 561-858 (RPno. 49),
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Anp investigation of the author’s subcritical data indicates that
the compressible flow function is approximately elliptical for the
values of f as given.

Since compressible flow is not a function of pressure differential,
asisin compressible flow, but seems to be o function of some other
variable, namely, pressureritio, it would appear that the approach
should be from a different angle. Corrections should be on the
order of a few per cent, rather than the sizable corrections now
employed.

The author is to be congratulated on his paper. The work
appests to be guite thorough and is an excellent contribution on a
subject about which a minimum of information is available,

AvutsOR's CLOSURE

In Table 2 the values of the KY products at zero pressure ratio
were, of courte, oblained by extrapolation, and are included only
to illustrate the method used in constructing the expansion-factor
curves in Fig. 7 from the K'Y plots in Fig. 6.

When plotted asa function of the orifice pressure ratio, the mass
flow rate G forms a curve of decreasing slope as lower pressure
ratios are encountered. The response of G to a decrease in r at
Jow values of the pressure ratios is quite small, particularly for
large dismeter ratios, For example, a reduction in pressure ratio
from 0.3 to 0.2 results in & mass-flow increase of about 2 per cent
for orifice meters of small diameter ratio, and an increase of less
than one per cent for lnrge diameter rafios,

Curves representing the mass-flow rates G as functions of the
pressure ratio ean be constructed from Equation 1] and the
KY—r relations presented in Fig. 8. For some of the orifices of
larger diameter ratios, this method results in the mass flow G
attaining a maximum. For diameter ratios of 0.5, 0.6, and 0.7
(see Fig. 8) this maximum occurs between r = 0.15 and 0.10;
and every case at & value of r beyond the limit of the experimental
data. The decrease in the magnitude of G from this point to
r = 0 is o small (less than one half of one per cent for 8 = 0.5
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I
and 0.6 and about one per cent for 8 = 0.7) as to be mg]igible, r
This behavior is no doubt & result of the extrapolation and is ngt, )
surprising, for in this region near zero pressure ratio, a mln.!ii\ra}y':
large change in r produces a small change in G that is of the pamg
order of magnitude as the over-all accuracy of the measurement, &
The measurement, of discharge coefficients for the largest orifice :"
plate, with p = 0.8, was limited by the apparatus to pressurg - "
ratios above » = 0.464. The extrapolation of the data for g8 =
0.8 beyond the limits indicated in Fig. 6 is unwarranted. If Ky

or Y values are obtained in this manner, the calculated G—¢ ,D !
curve displays u definite maximum between 7 = 0.25 and 0.3, pipe
Based upon improper extrapolation, this curve has little, if any, | :/.-1:
significance. o - an.
A flow equation with “corrections ., .. ... of the order of g | ) ed.ge
few per cent’’ exists in the author’s theoretical solution (18) " = mtlh
which is reviewed in this paper. The solution for the gasjet 3 of ¥/
contraction coefficient with the isentropic flow Equations 121] - . LAY
and (23] have been shown to predict mass-flow rates quite fcey- 108 | thic
rately. It has been pointed out (18) that a small correction factor 8 H i“, .
could be incorporated to enable even closer agreement with ex- 345 criti
perimental results. Similarly, if values of Yw be computed i Lo
from Equations [24] and/or [25] for use with Equation {1}, any ek - §
small deviations between the theoretical solution and experi- Tl
mental data (see Figs. 8 and 9) could be compensated with an
experimentally determined correction factor €. For example ; AA
P
G = K(CY0)AN 2gpiAPeinnns R c.
The term C will depend upon the same variables as Y, such ag D
7. B. and . ) D,
There would appear to be little advantage in treating C and 7
Vi separately, other than to evaluate the accuracy of the theo- 4 k
retical prediction. Accordingly, the correlation of experimen- #&
tal data may be simplified without sacrifice of theoretical suu.nd-_‘ M
ness by treating the product C¥w, or Y, instead of the parts. h- - Ng,
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