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ABSTRACT

This investigation has taken different orifice sizes (0.3005",
0.4000", 0.5045", 0.6015") and tested their flow characteristics when
used in a 1" diameter pipe. Each orifice was initially placed in a
fully eccentric position, that is the circumference of the orifice was
placed tangent to the inside circumference of the pipe. Data was taken

with the orifice eccentric to concentric in increments of 0.050".

Plots of flow coefficient versus Reynold's number were made for

each position of the four orifices tested.

Embirical equations were developed for determining the flow coeffi-

cient of the various orifice sizes placed in any eccentric position.

It was also shown that the region near the fully eccentric position
was just as stable as the region near the concentric position and is

thus very capable of producing accurate flow measurement.
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I. INTRODUCTION

The orifice, being one of the oldest known devices for measuring
or regulating the flow of fluids, has actually been greatly investi-
gated only since the start of the twentieth century. In the last fifty
years great strides have been taken towards establishing the thin plate,
square-edged, orifice as an accurate flow measuring device. Many inves-
tigations have been made, such that the flow coefficients of the ori-

fices tested can be predicted to within a tolerance of about + 0.5%.

The work in this field has been mainly with large diameter (4" -
14") pipe with the orifice placed in a concentric position. Little is
known about orifices in small diameter pipes (less than 1.6 inches in-

side diameter).

The question now arises; what if one wants to meter a fluid con-
taining solids in suspension, a toxic, or possibly a highly explosive
fluid, where the metering system needs to be completely drained after

the system is shut down?

One answer would be an eccentric orifice, that is an orifice whose
circumference would coincide, at a point, with the circumference of the
pipe in which it was installed. If the orifice was placed in the lowest
possible position in the pipe the system could be completely drained
when shut down, without entrapping any fluid. At present, this type of

orifice installation needs to be calibrated after being installed.

\

If the orifice was positioned somewhere other than concentric or

fully eccentric what would the flow coefficient be? Since theory can



not predict the flow coefficient for any orifice in any position, there

is a need for empirical relationships calibrating these positions.

The author believes that there has never been an attempt made at
developing an empirical relationship for determining the flow coeffi-
cient of an orifice placed at different positions in a small diameter
pipe. Casalel* has shown that it was feasible to use an eccentric ori-

fice in a small diameter pipe.

It is the intent of this thesis to fill a small part of the gap in
calibration needed when an orifice, used in a small diameter pipe, is

positioned at some position other than concentric.

*Superscripts used in this manner are references to the bibliography.



II. REVIEW OF LITERATURE

The greatest source of error in the primary measuring elements is
probably the possible deviation from the specification that the upstream
edge of the orifice plate be square and sharp. A slight, almost imper-
ceptible, rounding of the orifice edge can produce a considerable in-
crease in the discharge coefficient, which results in low flow measure-
ment. This is especially true with the smaller orifices in the smaller
line sizes, since the effect of the edge imperfection is relative. A
wire-edge burr, or fin, on the orifice edge is also undesirable since
it can alter the flow pattern of the stream from that corresponding to

proper measuremente.

Tyaon3 states that when metering water the usual test for sharpness
of a square-edged orifice is to pull the thumbnail across the edge. If

it is sharp enough to use it will remove a shaving from the nail.

The thickness of the orifice plate at’the orifice edge shall not
exceed:2

1. 1/50 of the pipe diameter (D)

2. 1/8 of the orifice diameter (d)

3. 1/4 of the dam height, &3%)

the minimum of these requirements governing in all cases.

In some cases the orifice plate thickness will be greater than the
limitations stated above. When this occurs the downstream edge should

be beveled at 45° or less to the face of the plate leaving the thickness

2
within the requirements.



For concentric orifices, the orifice must be centered to within

37% of the inside diameter of the pipe.2

Generally there are three types of pressure tap locations for
measuring the pressure loss through an orifice. They are as follows:

l. Flange taps - located on the flanges to hold the orifice plate
in the pipe. The center of the upstream tap hole should be one inch
from the upstream face of the orifice plate and the center of the down-
stream tap hole should be one inch from the downstream face.

2. Pipe taps - the center of the upstream tap is 2 1/2 pipe dia-
meters from the plate and the center of the downstream tap is located
8 pipe diameters from the plate.

3. Vena contracta taps - center of taps are located at one pipe
diameter from the plate on the upstream side and at the point of mini-

mum pressure on the downstream side.

If any serious distortion of the flow occurs there will be inac-
curacy in the results obtained from the orifice. Recommendations have
therefore been made concerning diameter ratio (B8 = d/D) and minimum
lengths of straight pipe required before and after an orifice, depending
upon the installation.2 When the diameter of the orifice may require
changing, the length of straight pipe installed should be that corre-
sponding to the highest diameter ratio used. Graphs have been drawn
plotting minimum lengths of straight pipe required versus diameter ratio.
When the diameter ratio is .6 the upstream length of straight pipe must
be at least 13 pipe diameters after an elbow, tee, or cross, but with the
installation of a globe or regulating valve, the upstream distance is

increased to 31 diameters. In either case the downstream requirement is



only 5 diameters. The straight run requirements become less as the dia-

meter ratio decreases.

Straight run requirements may also be shortened by the installa-
tion of straightening vanes. Certain specifications must be met in the
construction of the vanes. The diameter of any passage through the
vanes shall not exceed one-fourth (1/4) the inside diameter of the pipe.
the cross-sectional area of any passage between the vane tubes shall not
exceed one-sixteenth (1/16) the cross-sectional area of the containing
pipe. The length of the vanes shall be at least ten (10) times the in-

side diameter of the vane tubes.4

There are also limitations on the diameter ratios possible. Kirk5
recommends ratios from .2 to .6 as providing best accuracy. If the dia-
meter ratio is too small the pressure loss becomes too great, and if
the ratio is too large the differential pressure reading (AP) becomes

unstable and too small to detect.

In 1935 the ASME4 assembled and published many investigations on
concentric orifices in pipes. This work brought about some empirical
equations relating flow coefficient to orifice diameter, pipe diameter,
and Reynold's number. The equations for orifice installations using
flange taps are as follows:

2
E = d(830 - 50008 + 900082 - 4200p> + 530/

1/2

)
K_ = 0.5993 + 0.007/D + (0.364 + 0.076/D e

+ 0.4(1.6 - 1/D)5 (0.07 + 0.5/D - 3)5/2

- (0.009 + 0.034/D) (0.5 - p)>/?

+ (65/0% + 3) @ - 0.7)°/2,



where Ke is the flow coefficient for Re (pipe Reynold's number) =
6
10°dg/15. The flow coefficient as Re approaches infinity is given by
Ko = K.e E206d)/(106d + 15%}.

Thus the flow coefficient at any Re is given by

K=K [1 + E/(Re/Bﬂ g

These equations provide flow coefficients within a tolerance of

+ 1.5 percent.

Although these equations are not to be used for pipe diameters of
less than 1.6 inches they provide an excellent starting point for devel-

oping empirical relations in small diameter pipes.

As the temperature of the water changes, its density and viscosity
also change. Using values of density of water at 70°F and 80°F from
tables by Holman6 it can be shown that the percent deviation of-Jb over

this 10 degree range is 0.063 percent.

The viscosity of water decreases as the temperature increases.
Diehl2 stated that tests conducted for the determination of discharge
coefficients when measuring water and viscous fluids have indicated
that the factor for viscosity varies with pipe diameter, orifice dia-
meter, differential pressure and specific gravity, as well as absolute
viscosity. These tests indicate that the factor for viscosity approaches
a maximum value and then decreases. Consequently, it is very necessary
to correct the measurement for the effect of the viscosity at flowing

conditions.

In his paper on Fluid Flow Measurements, Benedict,7 gave a cubic



equation developed for the determination of the dynamic viscosity of

water from 32°F to 120°F as a function of temperature. It is as follows:

L = (21.35768 - 0.38108 T + 0.3058 x 10 2T - 0.924598 x 10~ °T3)10"%.



III. APPARATUS

The basic apparatus used was the same as that built by Casalel,
however, there were changes and additions; so a brief description of
the system's components will follow. All discussion pertains to the

schematic diagram in Figure 1.

The centrifugal pump used was an Aurora, with double impeller and
was capable of pumping 12.5 GPM of water against a back pressure of up
to 150 psi. The maximum flow obtainable through the test section was
approximately 24 GPM. The pump was supplied by a tank with a capacity
of approximately 100 gallons. A valved by-pass was installed across
the pump. One inch piping was used throughout with the exception of
the by-pass which was three-quarter inch pipe. The main control valve

was a Jenkins one inch globe valve.

An upstream pressure gage was installed mainly for monitoring

purposes.

The temperature well contained a mercury in glass thermometer

capable of being read to 1°F.

The flow straightener used by Casale was replaced by a straight
section of pipe of over 40 diameters length. The flow straightener was
shorter than that required by the codes,4 and the total cross-sectional
area capable of passing fluid was small compared to that of the pipe.

It was felt that since space was not a consideration, the long length
of straight pipe would produce far less turbulence tham the flow straight-

ener.
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The bore of the total test section containing the flanges was

exactly one inch.

All the pressure taps used by Casale to try to find the vena
contracta, with the exception of the top and bottom sets of flange
taps were plugged. 1If the orifice position is to be changed, even

slightly, the use of vena contracta taps would be very impractical.

Both top and bottom taps on the upstream side were connected to
a log manifold by copper tubing and a valve. The manifold was connected
to the high pressure connection of the differential pressure gage. The
same manifolding procedure was used on the downstream taps and this
manifold was connected to the low pressure connection of the differential
pressure gage. This method of manifolding enabled readings to be made

using the top taps only, the bottom taps only, or both.

The two manifolds were connected by a valved line enabling the
differential pressure gage to be by-passed when the system was started.
Each manifold had a valve and line vented to the atmosphere to permit

the system to be purged of entrapped air.

The differential pressure gage used was an Ashcraft double bourdon
tube gage graduated in 1 psi increments from O to + 50 psi. With this
gage the differential pressure could be read accurately to within 1/2 psi
and estimated to 1/4 psi. The gage was calibrated with a dead weight
tester on the high pressure connection and atmospheric pressure on the

low pressure connections. (See Figure 2).

To eliminate parallax in reading the differential pressure gage a
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sight was constructed from a section of four inch aluminum pipe and
one-fourth inch aluminum plate. The sight fit the face of the gage

and made all readings very comnsistent. (See Figure 4.)

The four orifice plates built by Casale were used after they were
slightly altered. The downstream face was beveled at a 45° angle leav-
ing the thickness of the plate at the orifice 0.010 inch. Each orifice
was then measured on the three diameters and the measurements were aver-
aged. These values (0.3005", 0.4000", 0.5045", 0.6015") were used in
all calculations. Each plate was slotted so as to permit it to be moved
vertically, colinearly with a line dra%n between the top and bottom taps,

from a fully eccentric position to a concentric position.

A device was constructed to raise the orifice plate known finite
amounts. (See Figure 5.) It consisted of a structural member attached
to the downstream flange, a holder for the orifice plate, and a microm-
eter adjustment. The micrometer adjustment consisted of a screw with
20 threads per inch and a dial graduated every 72° and marked 1 through
5 on its circumference. Turning the dial through one mark raised the
orifice 0.010 inch. The orifice, which was initially placed in the
fully eccentric position, could thus be moved accurately to any position

in the pipe.

The downstream face of the orifice plate was followed by over 20

diameters of straight pipe.

Connected to the downstream section of pipe was a Fisher and Porter
series 1700 Standard Enclosed Flowrator Meter mounted in a typical hor-

izontal line installation. A valved by-pass was used to protect the
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rotameter when starting the system. (See Figure 4.)

The outlet of the rotameter was at a higher elevation than that of
the orifice. This elevation insured that the test section would always
be filled with water. By using this set up the need for a downstream
control valve was eliminated, which eliminated the possibilities of over

controlling, which might cause erroneous readings.

The rotameter, which was graduated in percent of maximum flow
(26.5 GPM), could be estimated to the nearest 1/4 percent. Before any
runs were made the rotameter was calibrated by setting a flow rate and
collecting the water in a weigh barrel. (See Figure 3.) The time to
collect 100 pounds of water was recorded for each setting. From this
data a flow rate could be calculated and compared to that read from the

rotameter.

The water leaving the rotameter was piped back to the tank supply-
ing the pump. By recirculating the water a constant level was kept in

the tank, thus maintaining a constant suction head on the pump.
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IV. ©PROCEDURE FOR TAKING DATA

To obtain a good cross-section of the best possible range of dia-
meter ratios for the most accurate results, four orifice sizes were
used in the one inch test section (0.3005", 0.4000", 0.5045'", 0.6015").

The procedure for taking data was the same for each orifice size.

With the flanges separated the orifice was attached to the microm-
eter adjustment and positioned such that the circumference of the bottom
edge of the orifice was tangent to the bottom inside edge of the pipe.

The flanges were then bolted together.

After the tank was filled to a certain level the pump was started
with the by-pass valve openediand the main control valve closed. The
flow could be adjusted to any desired value (zero flow to maximum pos;
sible flow) by simultaneously opening the main control valve and closing
the by-pass valve. The by-passes of both the differential pressure gage
and the rotameter were initially opened to prevent damage to the instru-
ments. After the system was purged of entrapped air the by-passes on

both the differential pressure gage and the rotameter were closed.

The flow was adjusted until a given pressure drop across the ori-
fice was reached. These adjustments varied with orifice size and were
as follows:

For the 0.3005" and 0.4000" orifices the differential pressure gage

was read from O to 50 psi adjustiné the flow to read every 2 psi.

For the 0.5045" orificé the differential pressure was read from O

to 20 psi adjusting the flow to re#d every 1 psi. At slightly over

20 psi (AP) the maximum flow rate through the system was attained.
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For the 0.6015" orifice the differential pressure was read from 0
to 11.5 psi adjusting the flow to read every 0.5 psi. Again as

with the 0.5045" orifice the maximum flow rate was attained.

After each flow adjustment the upstream pressure was checked, the
AP was recorded, and the temperature and rotameter readings were read

and recorded.

Normally both top and bottom taps were open. It was felt that
there was a need to standardize the method of taking differential pres-
sure readings, since the orifice position was to be changed in the pipe.
Occasionally readings with only the top taps open were compared against
those with both top and bottom taps open. The same procedure was fol-

lowed using the bottom taps only.

With the orifice in the eccentric positions, reading AP with only
the top set of flange taps open gave a higher AP than the reading with
both sets of taps open, and reading AP with only the bottom set of
flange taps open gave a lower value of AP than with both sets of taps
open. In the concentric positions all readings were the same regardless
of which set of taps were used. By always reading both taps an average

AP was obtained.

All runs were made with the water temperature between 75° and 85°F.
Since the water was recirculated its temperature rose during the runs.
After each run the system was flushed and cooler water was added to

maintain the temperature within the stated range.

While flushing the system the flanges were loosened and the orifice
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plate was moved up 0.050". The same procedure was then followed until

a concentric position was reached.



18

V. CORRELATION OF DATA

Writing the first law of thermodynamics for an open system,

2 2
ES +_8m1(21 . Plv1 . V1 Zlg W sz u, sz2 V2 Zzg
dr  dt J J

238, " ch) T HFrEF Gt 238, * Jg_)

2
d mu mV mZ
* &G o ey

3
2ch ch stored

where (1) represents the energy entering the system and (2) represents
the energy leaving the system. Many terms in the above equation were
dropped for the following reasons:
(1) The energy stored for any given length of time is zero since
the system is at steady state.
(2) The heat transfer rate is zero since there is no heat added
to or rejected from the system.
(3) There is no work done on or by the orifice.
(4) The internal energy entering and leaving the orifice is the
same since the temperature is constant.
(5) The difference of potential energy across the orifice is zero.
Rewriting the first laﬁ for the orifice gives:
2 2

Sml P.v v Sm szz V2

11 1 2
dar 7 Y25 ar T T 238

The flow rate into the system equals the flow rate out of the system,

therefore,
2 2
Plvl ) szz - V2 ) V1 )
J J 2ch Zch

Since the velocity is inversely proportional to the cross-sectional area

of flow:
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Solving for V22

2 23 (P - 2v )

)

v, EV, -'§ which remains constant because the temperature of the fluid

entering and leaving the orifice is the same.

Solving for V2 gives

1/2
ch(P1 - P2) /

- p (1-8%) .

The theoretical mass flow rate is written as:

1/2 2g (P, - P)|1/2
. 1 c 1 2
W= iy = By I(l _ 5% l l 3 ’

which may be written as

1/2
1 1/2
A2 E—-_—?J [(chpAﬂ s where AP = (Pl - Pz).

Since the actual flow rate is always less than theoretical the coeffi-

cient of discharge is defined, as:

C = m actual

d m theoretical

Now, the actual flow rate may be written as:

: _ A%

1/2
m (2g pAP) . When
actual a-g )1/2
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: 1/2
1-68% "

defined as the approach factor, is combined with the coefficient of

discharge the flow coefficient is obtained.

K= Ca
4 1/2
and the actual flow may be written as

/2

1
Mactual AZK(chp \P)
Since all runs were made at an average water temperature of 80°F, no
temperature deviation ever exceeded 5°F, the density may be considered

constant.

Reading AP in psi, and making the equation dimensionally correct

1/2
" T '2‘32.162‘62.192 o=
Mactual AZK chp AP = AZK 144 ] ap

= AR (5.270) V2P .

give

Solving for K gives

m m m
K = actual _ - actual _ actual
5.270 ANAP 5.270 .2 NAP 4.139 .2 UAP ¢
2 . sd d
/A

Reynold's number of the pipe may be written

V.D,p
Re = —L L1
s |

Multiplying numerator and denominator by Al gives

it e 0 e T W™

TR

Re =

Making the equation dimensionaless yields
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48 m

Re = 7Dn

Using an empirical relation for p to compensate for temperature change

Re =

48 m
-2 2 <5 3,4 °
7D (21.35768 - 0.38108 T + 0.3058 x 10 “T° - 0.924598 x 10°T )10

Since the inside diameter of the pipe is 1.0 inch,

48
%(21.35768 - 0.38108 T + 0.3058 x 10" °T°> - 0.924598 x 10°T°)10 >,

Re =

The above equations were used to calculate flow coefficients and
Reynold's numbers for all the data taken. Since the equations are quite
long, it would have been time consuming to calculate all the data by

hand. The computer was therefore used for nearly all calculations.

A curve of flow coefficient versus Reynold's number was plotted
for each set of data (each different position gave a different set of
data). . This produced a graph similar in shape to that developed by
Tuvela. (See Figure 6). Due to the low values of Reynold's numbers
required it would be difficult to obtain many points in Region A with
the type of apparatus used in this study. The points in Region A were

eliminated from all subsequent programs.

Since flow coefficient was plotted versus pipe Reynold's number,
Region B was varied in length depending upon the diameter ratio. The
curves could be normalized in the independent variable direction by
plotting flow coefficient versus Reynold's number/beta. The points
plotted in region B appeared to be well suited to curve fitting by the

method of least squares.

The following procedure was used four times, once for each diameter

ratio used in the tests. For clarity, the entire procedure will be
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described using only the curves for the 0.4000" diameter orifice. The

curves for the other orifices may be found in Appendices A, B, and C.

Designations were made as to independent and dependent variables
(Reynolﬁ's number/beta and flow coefficient respectively), and the
least squares method was used for each curve. Since it was not known
which degree approximations would be best, second, third and fourth
order‘approximations were determined. After viewing these results it
was clearly evident that the second order approximation was best. This
curve éf flow coefficient versus Reynold's number/beta was then plotted

through the data points. (See Figures 8-14.)

The orifice position in the pipe will be referred to as its eccen-
tricity (e), which is defined as the distance the orifice is moved from
concentric position divided by the total possible movement of the ori-
fice. (See Figure 7.) Thus, for all orifices e = 0 for the concentric

position, and e = 1.0 for the fully eccentric position.

For each curve plotted, an average value of flow coefficient was
calculated. Care was taken to average each curve over the same range
of Reynold's numbers/beta (0.80 x 105 to 0.16 x 106). The average
values of flow coefficients were then plotted versus the eccentricity
of the orifice. (See Figure 15.) Each point on this graph then repre-
sented an average value of the curves shown in Figures 8-14 corresponding

to its respective eccentric position.

The horizontal line extending from e = O to e = 0.10 represents

three percent of the inside diameter of the pipe converted to the

eccentricity of the orifice by the relation Gigg%).
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Figure 8. Flow Coefficients Versus Reynold's Number/Beta
For a Square-Edged Orifice in a 1" Diameter Line
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Figure 9. Flow Coefficients Versus Reynold's Number/Beta
For a Square-Edged Orifice in a 1" Diameter Line
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Figure 10. Flow Coefficients Versus Reynold's Number/Beta
For a Square-Edged Orifice in a 1" Diameter Line
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Figure 11. Flow Coefficients Versus Reynold's Number/Beta
For a Square-Edged Orifice in a 1" Diameter Line

1.60

27



Flow Coefficient (K)

0.690

0.680

0.670

0.660

0.650

0.640

0.630

0.620

0.610

Diameter ratio (B) = 0;4000

Eccentricity (e) = .667

0.70 0.80 0.90 = 1.00 1.10 1.20 1.30 1.40 1.50 1.60
(Pipe Reynold's Number/Beta) x 10-5

Figure 12. Flow Coefficients Versus Reynold's Number/Beta
For a Square-Edged Orifice in a 1" Diameter Line
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Figure 13. Flow Coefficients Versus Reynold's Number/Beta
For a Square-Edged Orifice in a 1" Diameter Line

29



Flow Coefficient (K)

0.690
0.680
0.670

0.660

0.650 t

0.640

0.630

0.620

0.610

Diameter ratio (B) = 0.4000

Eccentricity (e) = 1.0

0.70 0.80 0.90 1.00 1.10 1.20 1.30 1.40 1.50 1;60
(Pipe Reynold's Number/Beta) x 10.5

Figure 14. Flow Coefficients Versus Reynold's Number/Beta
For a Square-Edged Orifice in a 1" Diameter Line




Average Flow Coefficient (K)

0690 r

.6801

®-

® 5 =0.6015

<6701

.660T

«65(Q

.640

«630

.620°F

610

B = 0.5045

B = 0.4000

B = 0.3005

0.10

. 'y A

0.20 0.30  0.40 0.50 _ 0.60 _ 0.70 _ 0.80  0.90 1.0
Eccentricity (e)

Figure 15. Average Values of Flow Coefficient Versus Eccentricity
For All Diameter Ratios Tested

1€



32

This curve is by no means linear and at first glance it appears that
there is no justification for the straight line portions drawn. When
this curve is plétted on an expanded scale and viewed along side the
similar curves of the other three orifices (see Figure 15), it becomes
evident that the portions of the curve between e -‘0 to e = .35 and
e = ,70 to e = 1.0 may be quite accurately approximated by a straight
line with a slope of 0.06396-% « The center portion is approximated by

a straight line having a slope of -0.04715-5.

If a relationship were known relating the flow coefficient to the
diameter ratio, the flow coefficient could be calculated for any orifice,
in any position in the pipe. To obtain this relationship the curves of
flow coefficient versus Reynold's number/beta for the concentric position
of each orifice were compared to the curves given by the ASME empirical
equations for larger diameter pipes. Approximately five deviations of
the experimental curves from the ASME curves4 were taken for each ori-
fice within the same range of Reynold's number/beta (0.80 x 10° to 0.16 x
106). The actual data curves ranged from 1.25 percent to 3.34 percent
higher than the ASME equations. All the deviations were averaged; the

average being 2.17 percent.

The equations for calculating the flow coefficients of concentric,

square~-edged orifices in a 1" diameter line may now be written as:
1/2
’2,

K = 1.0217 [0.5993 + 0.007/D + (0.364 + 0.076/D1/2)Bf]

E = d(830 - 50008 + 90002 - 420083 + 530/D

e
+ 1.0217 E).4(1.6 - 1/D)>(0.07 + 0.5/D - B)S/ZJ

1.0217 [(0.009 + 0.034/D) (0.5 - 5)3’2:]
+ 1.0217 [(GS/D2 +3)EB - 0.7)5/2] , and
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Ko = Ké (106d)/(106d + 15E), and K = Kb(l + E/ (Re/B)), where
K, represents the flow coefficient for Re/p of 106d/15, and K is the
limiting value of flow coefficient when Reynold's number approaches
infinity. If (0.07 + 0.5/D - p)°/2, (0.5 - 8)¥/2 or 8 - 0.7)°/2

becomes negative, the term containing this negative quantity is defined

as zero.

The values from the concentric curves may be shifted to calculate
the flow coefficient at various values of eccentricity by the following

relations:

Kanl([1+f(e-'06D)] 0<e=x< .35
K, =K [1+ £(.70 - e)(0.04715) .35 < e < .70,
and K, =K [L+ £ - .70)(0.06396)] .70 < e < 1.0;

where K.a represents the flow coefficient of an eccentric orifice. The

first correction factor applies in the region of e = 0 to e = .35, where
. 06D

f(e - d) is defined as:
zero when e < ('06D),
and (e - ‘063) when <38 D) <e < .35.

The second correction factor applies in a region of e = .35 to
e = ,70, where £(.70 - e) is defined as:

zero when d < e< .35 and .70 < e < 1.0
and .70 - e when .35 < e x .70.

The third correction factor applies in the region of e = .70 to
e = 1.0, where f(e - .70) is defined as:

zero when e < .70,

and e - .70 when .70 < e < 1.0.



The curves shown in Figure 16 represent values of flow coefficients
for the concentrically positioned orifices given by the equations just
stated. Applying the correction factors for eccentricity merely shifts

the curve upward a given amount depending upon the amount of eccentricity.

All resulting curves are parallel.
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Figure 16. Curves from Empirical Equations For Concentric
Orifices in a 1" Diameter Line
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VI. CONCLUSIONS AND RECOMMENDATIONS

Water was used as the test fluid simply as a matter of convenience
and safety. This correlation will theoretically apply to any Newtonian
fluid since the flow coefficient is plotted versus Reynold's number/beta,

which are all dimensionless terms.

As stated earlier there is a need for stating the exact method of
placing the flange taps. Changing the orifice position only slightly
would effect the pressure reading if only one set of taps was used.

The use of two sets of taps manifolded together does not change the
effect produced by moving the orifice, however, if the taps are located
colinearly with the direction of travel of the orifice an average AP is

always read.

While recording the data it was noticed that the AP readings were
very erratic in the region .35 < e < .70. As the orifice was moved
from the fully eccentric position the dam height (259) increased. This
greatly changed the path of the water and extreme turbulence was gener-
ated. In some instances the turbulence was actually audible. As the
orifice was moved upward near the concentric position stability, was
again restored. For this reason the author feels that the data in this

region may be less reliable than in the other regions.

When the values of flow coefficients obtained from the empirical
relationships were compared with those taken from the curves obtained
by experimental data it was noted that the maximum deviation of the

curves from the empirical equations was + 1.8 percent. Each curve drawn

was within this tolerance.
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The author believes that the empirical equations derived from this
study will apply to all orifices, in any position in a 1" diameter pipe,
having a diameter ratio of .3 to .6. It is also believed that these
equations will apply for any value of Reynold's number in the pipe.
Since the equations are empirical and there is no true justification
for the last two statements, one must be content to state the observed

tolerance over the range tested.

It is evident that there is a need'for investigation through a
higher range of Reynold's number. Several pumps would have to be run
in parallel or a larger pump must be uséd to obtain a larger flow rate.
With a larger flow rate a larger orifice, possibly a .7 inch diameter
orifice, could be tested quite successfully. The larger flow rate
would also create turbulence problems in the smaller orifices. The
differential pressure gage would have to be damped to eliminate erratic
fluctuations. The measuring instruments, such as the differential pres-
sure gage and rotameter, would have to be much larger, however accuracy
must not be sacrificed for size. Accuracy is of the utmost importance
in the observation of data. If the differential pressure gage was
larger and damped sufficiently, a smaller orifice, possibly of .2 inch

diameter, may be tried.

Correlating could be attempted in a larger, and in a smaller dia-
meter pipe to see if the same correlation holds for all pipes under 1.6
inches inside diameter, or whether a different correlation is needed

for each.



2.

3.

9.

10.

11.

12.

13.

14.

38

BIBLIOGRAPHY

CASALE, James E., The Eccentric Orifice as a Flow Measuring Device
in Small Diameter Pipes, M.S. Thesis, UMR Library, 1965.

DIEHL, John C., Orifice Meter Constants, Handbook E-2, American
Meter Company, Inc., 1955, pp. 93,96,99-111.

TYSON, Forrest C., Industrial Instrumentation, Prentice-Hall, Inc.,
Englewood Cliffs, New Jersey, 1961, p. 125.

ASME, History of Orifice Meters and the Calibration, Construction,
and Operation of Orifices for Metering, New York, 1935, pp.
5-20, 29-43.

KIRK, Franklyn W. and Nicholas R. RIMBOI, Instrumentation, American
Technical Society, Chicago, 1962, pp. 41-43, 133-134.

HOLMAN, J. P., Heat Transfer, McGraw-Hill Book Company, Inc., New
York, 1963, p. 284.

BENEDICT, Robert P., Fluid Flow Measurement, Electro-Technology,
January, 1966, p. 55-64.

CADDELL, J. R., Fluid Flow in Practice, Reinhold Publishing Corpor-
ation, New York, 1956, p. 71.

ECKMAN, Donald P., Industrial Instruments, John Wiley and Somns, Inc.,
New York, 1950, pp. 277-278.

VENNARD, John K., Elementary Fluid Mechanics, 4th Edition, John Wiley
and Sons, Inc., New York, 1962, pp. 126-127, 422-428.

SQUIER, John P., Small Infractions Create Major Errors in Flow Meter
Measurements, Reprint from The 0il and Gas Journal, January 18,
1951.

BAUMEISTER, Thedore, Mark's_Mechanical Engineer's Handbook, Sixth
Edition, McGraw-Hill Book Company, 1958, section 16, pp. 19-20,
section 3, pp. 62-66.

VAN WYLEN, Gordon J., Thermodynamics, John Wiley and Sons, Inc., New
York, 1959, ppo 77-780

TUVE, G. L.,.Mechanical Engineering Experimentation, McGraw-Hill
Book Company, Inc., New York, 1961, pp. 249-251.



APPENDIX A

Curves of experimental data for a 0.3005" diameter orifice in a

1" diameter line.
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Figure 17. Flow Coefficients Versus Reynold's Number/Beta

For a Square-Edged Orifice in a 1" Diameter Line

40



Flow Coefficient (K)

0.690

0.680

0.670

0.660

0.650

0.640

0.630

0.620

0.610

Diameter ratio (B) = 0.3005

Eccentricity (e) = .143

0.70 0.80 0.90 1.00 1.10 1.20 1.30 1.40 1.50 1.60
(Pipe Reynold's Number/Beta) x 16

Figure 18. Flow Coefficients Versus Reynold's Number/Beta
For a Square-Edged Orifice in a 1" Diameter Line
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Figure 19. Flow Coefficients Versus Reynold's Number/Beta

For a SQuare-Edged Orifice in a 1" Diameter Line
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Figure 20. Flow Coefficients Versus Reynold's Number/Beta
For a Square-Edged Orifice in a 1" Diameter Line
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Figure 21. Flow Coefficients Versus Reynold's Number/Beta

For a Square-Edged Orifice in a 1" Diameter Line
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Figure 22. Flow Coefficients Versus Reynold's Number/Beta
' For a Square-Edged Orifice in a 1" Diameter Line
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Figure 23. Flow Coefficients Versus Reynold's Number/Beta

For a Square-Edged Orifice in a 1" Diameter Line
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Figure 24. Flow Coefficients Versus Reynold's Number/Beta

For a Square-Edged Orifice in a 1" Diameter Line
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APPENDIX B

Curves of experimental data for a 0.5045" diameter orifice in a

1" diameter line.
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Figure 25. Flow Coefficients Versus Reynold's Number/Beta

For a Square-Edged Orifice in a 1" Diameter Line
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