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Preface

The Pneumatics Laboratory was organized in 1951 at the National Bureau of Standards.

Since that time, an important part of its work has been the evaluation and standardization of

aircraft pneumatic components under the sponsorship of the Airborne Equipment Division of

the Bureau of Aeronautics, Department of the Navy.
In the course of this work, it soon became evident that one of the serious difficulties in

standardization and specification was the lack of an unambiguous method for defining the

flow-handling capacity of pneumatic components. After considerable study and consultation

with the industry, the Pneumatics Laboratory developed the concept of a “flow factor” for

specifying the size of a component with respect to its capacity and for estimating pressure

drops in pneumatic systems. The results of this study were reported at the 1952 New York
Meeting of the Society of Automotive Engineers in a paper entitled A Method for Predicting

Pressure Drops in Pneumatic Components and Systems, by M. M. Slawsky, M. Lutzky, and

A. E. Schmidlin. The contents of this paper appeared in the Product Engineering Annual

Handbook for 1955, published by the McGraw-Hill Book Co., Inc.

In October, 1954, in response to several hundred requests, the Pneumatics Laboratory

revised the material described above and issued a report entitled Contributions to the Methods
of Calculation and Measurement of Pressure Drop in Pneumatic Components and Systems,

by M. M. Slawsky and R. C. Thompson. By the end of 1956 it was apparent that interest

in the method of rating components described in this report had extended beyond aircraft use.

The report, which was being distributed through the Bureau of Aeronautics, ceased to be an

adequate means for disseminating this information. It was therefore decided that this Cir-

cular should be prepared and made available through the Government Printing Office.

As is often the case in making revisions, the original concepts have remained the same in

principle, but have been changed in detail for the sake of improvement. The flow factor has

been replaced by the “area factor”. This area factor has the important advantages of being-

dimensionless and more precise. Those who have become familiar with the flow factor will

recognize the area factor as being essentially the ratio of the flow factor of a component to the

flow factor of the inlet port, or some other convenient reference area. A careful reading of

this Circular will show that simplicity has not been sacrificed for precision. The choice of a

convenient reference area and pressure ratio has been purposely left open. These should

be determined by the users of components to suit their particular needs.

Charles W. Beckett, Chief

Thermodynamics Section.

ill



Contents
Page

Preface III

1. Introduction 1

2. Discharge coefficients of nozzles and orifices 1

2.1. Flow through an isentropic nozzle 1

2.2. Discharge coefficient of a nozzle 2

2.3. Discharge coefficients of other flow-metering devices 2

3. Area factor of a flow component 3

3.1. Effective area Aetl 3

3.2. Measurement of Vi, Ti, and p2 3

3.3. Area factor and choice of reference area 3

3.4. Effect of Reynolds number 4

3.5. Capacity rating of a component 5

4. Experimental measurement of area factor 5

4.1. Design considerations for experimental setup 5

4.2. Flowmeters 6

4.3. Sample test data 6

5. References 7

IV



Determination and Correlation of Flow Capacities of Pneumatic
Components

D. H. Tsai and M. M. Slawsky 1

Some of the problems of measurement and correlation of flow capacities of pneumatic
components are discussed. A dimensionless “area factor,” defined as the ratio of the
“effective area” of the component to some reference area (equation 7), is introduced. The
physical significance of the area factor and its experimental determination are discussed
in some detail. Sample data are also included to show that this area factor provides a valid
and convenient basis for comparing the flow capacities of components, regardless of their
size and design, and over a wide range of test conditions.

1. Introduction

In the design and evaluation of a pneumatic
component, one of the primary quantities of

interest is the capacity of the device for handling
flow with a given pressure drop across the com-
ponent. To facilitate determination of this flow
capacity, it is well to define the flow capacity in

terms of conveniently measurable quantities such
as pressure, temperature, and the mass rate of

flow. Also, to facilitate comparison, it is useful

to express the flow capacity in a dimensionless
form. These considerations are then similar to

those employed in defining the discharge coeffi-

cient of a flow-metering orifice. The purpose of
this Circular is to discuss some of the problems
connected with the determination and correlation

of capacities of flow-handling devices. Special
reference will be given to pneumatic components
for aircraft application, in response to the many
requests for information from the industry en-

gaged in this area of engineering. But an effort

will be made to emphasize the general features of

the discussion, so that the considerations presented

here could be applied, for the most part, to other

flow-handling devices. Also, the discussion will

be limited to the case of air flow in the component,
but it is an easy matter to extend the discussion

to other gases, by simply using the appropriate

constants for the gas in question in the basic

flow equations.

2. Discharge Coefficients of Nozzles and Orifices

2.1. Flow Through an Isentropic Nozzle flow under steady condition is given by

Before discussing the problems involved in the
determination of the flow capacity of a pneumatic
component, it is well to review briefly the basic
ideas underlying the use of “discharge coefficients”

for nozzles, orifices, and other flow-metering
devices.

i"

Ln Figure 1. Schematic nozzle
and approach section.

Consider a nozzle with an approach cross-

sectional area A x and a throat (minimum) cross-

sectional area A2 (fig. 1). In the ideal case, if the
flow through the nozzle is isentropic, the rate of

1 Present address: Combustion Dynamics Division, Air Force Office of
Scientific Research, Washington 25, D. C.

ws=a2

F2g 7 r2/y

|_ -K't— 1 1— r

_r (T+l)/7

^(A2/A lyI (i)

where

Ws
=mass rate of flow through the isentropic

nozzle, lbm/sec (lbm=pound mass).

^^cross-sectional area of approach section

to nozzle, in.
2

A2— cross-sectional area at throat of nozzle,

in.
2

Pi= pressure in approach section, psia.

^2=Pressure in throat section, psia.

Ti= temperature in approach section, °R.

g= dimensional constant=32.2 lbm-ft/lbf-

sec2 (lbf=pound force).

R=gas constant=53.3 lbf-ft/lbm-°R for air.

7=ratio of specific heat at constant pressure

to that at constant volume= 1.4 for

air and diatomic gases.

r=p2/pi=ratio of pressure at the throat to

the pressure in the approach section.

1



The term [l — r2/y(A2/Ai)
2]^ is sometimes called

the approach velocity factor. Since r is never
greater than unity, this factor is very nearly
equal to unity when A x

is large compared to A2 .

For example, if A
X
= \QA 2 ,

a maximum error of

only 0.5 percent would result if this factor were
replaced by unity. Also, with a larger approach
section A x ,

the velocity in the approach section is

lower, and the measurement of p x
and of Tx both

become easier. For these reasons, it is desirable

to keep A x large compared to A2 . Equation (1)

then simplifies to

W,=A, (P"-r«+‘>")]’* (2)

or

(3)

Vj i

with

(4)

For a diatomic gas, 7=1.4, and <5(r) reaches a

maximum value of 0.532 lbm-y/°R/lbf-sec when r

is equal to 0.528. At this point, sonic velocity
is reached in the throat of the nozzle, and further
lowering of the downstream pressure would not
increase the flow rate Ws . Therefore, <f>(r)

remains at 0.532 for values of r smaller than 0.528.

Figure 2 shows the relationship between 4>(r)

and r.

Pressure Ratio, r = pz/p^

Figure 2. Values of <&(r) versus r for air, y—

2.2. Discharge Coefficient of a Nozzle

The actual flow rate through a nozzle is smaller
than that given by eq (3) (under the same con-
ditions of pi, Tx ,

and r) because of friction between

the fluid and the wall of the nozzle. In describing
the flow characteristics through an actual nozzle,

it is convenient to define the term “discharge «

coefficient” as the ratio of the actual flow rate W
to the isentropic flow rate Ws :

H|=iMoiw (5)

|

The discharge coefficient C is a function of the
Reynolds number based on the diameter of the
throat. But if the flow is in the turbulent regime
(high Reynolds number) as in many engineering-

applications, the variation in C with Reynolds
number is small (see further discussion of this

point in section 3). Thus, except where high
precision is important, as in flow-metering work,
the value of C may be taken as constant, so that
once the value of C is determined for one flow
rate, the pressure-flow relationship is known
fairly accurately over a wide range of flow con-
ditions. C is convenient also for comparing the
capacities of nozzles of different designs and sizes,

because the isentropic flow rate provides a valid

reference flow rate which is easily computed, and
because the discharge coefficient itself is inde-

pendent of the size of the nozzle for the purpose
here discussed.

2.3. Discharge Coefficients of Other Flow-
Metering Devices

The above considerations on the use of dis-

charge coefficients for nozzles could be applied to

other flow-handling devices. The reference flow
rate could still be taken as the isentropic flow rate

through some “equivalent” nozzle. But, except
in the simplest cases in which the minimum area
in the flow device could be clearly identified, there

would be some question as to the proper choice of

the throat area of the equivalent nozzle. More-
over, because the flow patterns would not be the

!

same, some question would arise, also, as to the
j

measurement of the corresponding pressures p x

and p2 in the flow device and in the nozzle.

Therefore, the discharge coefficient of a flow

device would generally depend on the choice of

the minimum area and the location of the pressure

taps, and would probably vary somewhat with
the pressure ratio, as well as with the Reynolds
number, as was mentioned earlier. For example,
the discharge coefficient of a sharp-edged orifice

,

i

may vary from 0.6 at very low flow rates to around
0.85 at very high flow rates.

2 For these reasons,

in flow-metering work the construction of the

flowmeter, the location of the pressure taps, and
the range of test all must be carefully specified

and standardized along with the discharge coeffi-

cient obtained experimentally at each Reynolds
number.

2 See J. A. Perry, Jr., Critical flow through sharp-edged orifices, Trans.
ASME 71

, 757, figure 7 (1949).
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3. Area Factor of a Flow Component

?e 3.1.

Effective Area A ett
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The foregoing discussion indicates that the flow

characteristics of different components may be
compared on the basis of their discharge coeffi-

cients only if some arbitrary method is first adopted
for specifying the minimum (throat) area and the

locations of the pressure and the temperature
probes. This is difficult because flow components
are generally different in geometry and design.

But for the minimum area, the difficulty may be
avoided by combining the flow coefficient with
the minimum area into some “effective area”
so that
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A eti is then a fictitious area equal to the ratio

of the actual rate of flow W, measured under
the conditions pu Tu and r, to the quantity

(PityTx)^(r), which is the rate of flow through
an isentropic nozzle of unit area, under the same
conditions. Or, alternatively, A ett may be con-
sidered also as the throat area of a fictitious isen-

tropic nozzle that would pass flow at the rate of

W under the conditions of pu 2j, and r.

3.2.

Measurement of pu Tu and p2

Regarding the conditions of test, the problem
is to specify where pu 7j, and p2 should be meas-
ured in the actual component. Ideally, these
quantities should correspond to those in the isen-

tropic nozzle, i.e., p l and 7j should be the pressure
and temperature, respectively, in the approach
section, and p2 should be the pressure at the throat.

However, because of the differences in the flow
patterns, it is usually not possible to have exact
correspondence in the pressures and temperatures.
Also, from a practical point of view, it may not
be possible to locate pressure and temperature
probes in the actual component without altering

the component in some manner. For these rea-

sons, it is preferable not to insist on exact cor-
respondence, but to specify other pressures and
temperatures which could be measured more easily

at stations immediately upstream and downstream
of the component. This would be consistent, also,

with the idea of using the effective area, which
ignores the details of the flow inside the com-
ponent, but treats the whole component as some
equivalent isentropic nozzle with an effective

throat area of A ett . ButH e ff determined this way
in general would not remain constant at all flow

• rates, as is the case with an isentropic nozzle,
but would vary somewhat with the pressure ratio

across the component. It is usually necessary,
therefore, to specify the pressure ratio along with
each value of Aett .

If this point of view is adopted, then the
problem is to specify the stations for measuring
pressure and temperature so that, as far as pos-
sible, they would have comparable meaning for

components of different designs and sizes. Be-
cause the fluid velocity upstream of the com-
ponent depends on the size of the line that is not
a part of the component, and because this velocity
is usually not negligible, account must be taken
of the velocity of approach to the component.
The velocity could be determined by means of
anemometers or by measurement of the stream
(static) pressure, p x ,

and the isentropic stagnation
pressure. But these methods would be difficult

to apply if the line and the component are both
small. A simpler and more reproducible scheme
is to use a large approach section with a nozzle-
shaped transition section joining the approach
section and the component, and to take the static

pressure in the approach section as p x . With this

scheme, the large approach section justifies re-

placing the approach velocity factor with unity,
as in eq (2) and (5), whereas the nozzle-shaped
transition section minimizes the entrance loss (to

the component), which is not properly attributable
to the component. The low velocity in the
approach section also makes the measurement of
the temperature Tx easier and perhaps somewhat
more accurate.

The pressure p2 logically should be taken as
the static pressure at the exit plane of the com-
ponent. For actual measurement, however, it is

more convenient to have the component discharge
into a larger pipe connected to the component
through an abrupt change of section, and to take

p2 as the pressure in the dead-air region near the
exit of the component. This pressure is very
nearly equal to the pressure at the exit plane if the
flow through the component is below the choking
level. The advantage of measuring the pressure
in the dead-air region is that the fluid velocity in

this region is much lower than at the component
exit, and, therefore, small variations in the location
and construction of the pressure tap would not
affect the pressure measurement. When the flow
is increased to the choking level (by lowering the
pressure in the larger pipe) the pressure at the
exit plane of the component may be appreciably
different from the pressure in the dead-air region.

But, because the flow rate is now independent of

the downstream pressure, p2 could still be taken
as the pressure hi the dead-air region without
giving rise to any ambiguity.

3.3.

Area Factor and Choice of Reference Area

In order to facilitate comparison of components
of different designs and sizes, it is convenient to

define a dimensionless “area factor” equal to the

3



ratio of the effective area A ett to some reference

area Av \

area factor=/R
w_ r

Mi-,/Vr.)*w!ae

The last relationship shows that the area factor is

also the ratio of the actual rate of flow through
the component to the isentropic rate of flow
through an area A v ,

with both flow rates measured
under the same conditions of Tu and r.

The choice of the reference area is somewhat
arbitrary and depends largely on the information
one wishes to obtain from the area factor. For
example, in the schematic poppet valve mechanism
of figure 3, an area factor based on A2 would be
convenient for comparing the effect of changing
the configuration (shape and seat angle) of the
poppet valve. But an area factor based on either

Ah or maximum A2 (poppet valve in position b),

or even A3 ,
would be more meaningful for indicat-

ing the capacity of the component as affected by
the position of the poppet valve. In fact, A x

is the area that will ultimately limit the capacity
of the component. Area A4 also may be a mean-
ingful reference area under certain conditions.

For example, if A4 were fitted with a piston, figure

3 would be similar to the inlet side of a recipro-
cating compressor or internal combustion engine.
In both cases, the quantity A ettlA4 is a very useful

parameter for correlating air flow data.

Figure 3. Schematic poppet valve mechanism showing
several areas, any one of which could be used as a reference
area.

3.4. Effect of Reynolds Number

It was stated earlier that the effect of fluid

friction on the value of discharge coefficient (or

area factor) would be small if the flow is in the
turbulent regime. In the case of flow through
a well-shaped nozzle, Rivas and Shapiro [1]

3

showed that if the initial turbulence of the stream
is low, transition to turbulent flow would occur,
for example, at one-half diameter inside the
parallel portion of the throat, if the diameter
Reynolds number, Reyz>, is of the order of 2X105

.

Here Rey^ is defined as

-d puD
Reyz>= ->

3 Figures in brackets indicate the literature references at the end of this
Circular.

where p is the mass density, u the velocity, p the
viscosity of the fluid, and D is the diameter of the
throat. For ReyB greater than 2X105

,
the data

in [1] showed that the maximum variation in the !

discharge coefficient of the nozzle is less than 1 or

2 percent. Similar results were reported by Bean,
Johnson, and Blakeslee [2], and other investigators.

The above criterion for transition to turbulent
flow may be conveniently applied to the present
discussion. This would be especially valid if a
nozzle-like adaptor is placed immediately up-
stream of the component under test. Under
these conditions, it may be shown that a diameter
Reynolds number of 2X105

is easily reached, even
in very small components, such as those of the
“dash 4” series for aircraft application [3]. For
these components, the reference area may be
taken as the cross-sectional area of the inlet port.

Using a “dash 4” component as an example, the
reference area based on the nominal inlet port
diameter of 0.172 in. is 0.0233 in.

2
If the area

factor of the component is unity, the mass rate of

flow would be

W— (0.0233)
Pi

4Ti
4>(r) lbm/sec.

By continuity relationship, W—puA, so that

pu (0.0233) -|^$(r),
V J i

144

or

pu— 144 -j^=- 4>(r) lbm/ft2
sec.

4Ti

The diameter Reynolds number is therefore

puD
Reyc=

144 0.172 Pl
'

p 12 ^ 4>(r).

If pi= 100 psi, Ti= 520° R, and p= 12X10 9

lbm/ft-sec for air, and if 4>(r) is taken as 0.532 Ibm-

V°R/lbf-sec for choking flow, then

ReyD =
144 0.172 100

12X10 6 12 ,

v/522
(0.532)

(0.532) (10
6)=4X10 5

.

Thus, even with an area factor of 0.5, the tran-

sition to turbulent flow would have taken place a
short distance (one-half diameter of the inlet

port) from the entrance to the component. If the
area factor were still smaller, a higher pressure
could be used to keep Rey^ at the same value.

Under these conditions, then, the effect of Rey-
nolds number would indeed be small and therefore

negligible.

4



In summary, the above discussions give some
idea of the effect of Reynolds number on the area

factor, and the conditions under which this effect

is small. Fortunately these conditions are en-

countered in many engineering applications, so

that ordinarily the effect of Reynolds number need
not be considered. It would be well, however, to

check the value of Reynolds number under ex-

treme conditions, and to make suitable adjust-

ments if the Reynolds number should be too low.

3.5. Capacity Rating of a Component

In the foregoing paragraphs, various aspects of

the general problem of determining the capacity
of flow components have been discussed. If it is

now desired to express the capacity numerically
in terms of some effective area or area factor, fur-

ther specifications on the experimental apparatus
and method of test must be stipulated. These
specifications should include details on the con-
struction of the test sections, the locations of

temperature and pressure taps, the geometry of

the transition section between the upstream ap-
proach section and the component, the method
of selecting the reference area Av ,

as well as other
pertinent details. Also, because the area factor
will, in general, vary with the pressure ratio across
the component (see discussion of variation of dis-

charge coefficient of an orifice with pressure ratio),

the pressure ratio must also be specified along
with each value of the area factor.

These are general considerations. The detailed

specifications are primarily a matter of formulat-
ing appropriate codes and standards for testing,

similar to the standardization of flowmeters men-
tioned earlier. It is beyond the scope of the
present discussion to propose such a set of stand-
ards. For the purpose of this Circular, it may
be of greater interest to discuss some of the gen-

eral design features of a test setup that would be
suitable for measuring the capacity of a flow

component.

4. Experimental Measurement of Area Factor

4.1. Design Considerations for Experimental
Setup

Figure 4 shows a schematic diagram of a “typ-
ical” experimental setup for measuring the flow
through a component. High-pressure air in a
continuous supply enters the system through the
main valve. As the flow passes through the pres-
sure regulator and enters the approach section,

its pressure is reduced to the desired level pi,

which is adjustable by the setting of the pressure
regulator. From the approach section the flow
passes through a nozzle-shaped transition section
into the component, and thence into the exit sec-

tion, where the pressure p2 is measured. The flow
rate is controlled by means of the control valve
at the end of the exit section, and measured by
the flowmeter connected to the control valve, at
the end of the system.
The above is only one of several possible arrange-

ments for measuring the flow through a compo-
nent. In some cases, for example, it may be
desirable to pressurize the flowmeter by placing
an additional control valve downstream of the
flowmeter. Or, if a suction pump is used instead
of pressurized air, atmospheric conditions could
be taken as the upstream conditions, so that the
approach section (above the transition section)
could be eliminated altogether. The choice of a
particular system depends on the component under
test as well as the equipment available. The im-
portant considerations are that the pressure and
temperature measured at stations upstream and
downstream of the component should be as far
as possible comparable from one component to
another, and that the measurement of flow rate
should be accurate.

/ \ Component

High ^ .-I—1-|
j

1

Pressure — C Pht g Pz r
Supply / f f f ( f 4 1

Main Pressure Approach Transition Exit Control
l
F1ow

Valve Regulator Section Section Section Valve Meter

Figure 4. Typical experimental setup for measuring
flow capacity.

To ensure maximum accuracy in the measure-
ment of pi and p2 ,

the approach and exit sections

should be smooth and straight, and long compared
to their diameters. In an orifice meter installa-

tion [4], if the upstream section is preceded by a
regulator, and the downstream section followed by
a control valve, as in figure 4, the length of the

upstream section should be at least 20 times the

diameter of the upstream section, and the length
of the downstream section should be at least 5 or

6 times the diameter of the downstream section.

These lengths are specified for pressure taps

placed close (within one pipe diameter) to the

orifice plate, and applies to orifice meters in which
the upstream pipe diameter (usually the same as

the downstream pipe diameter) is at least 3 times

the diameter of the orifice. If the pressure taps

are placed farther upstream and downstream, or if

the upstream pipe diameter is less than 3 tunes the

orific diameter, increased upstream and down-
stream lengths are recommended [4]. In the

absence of more detailed information on the test

setup for the component, the recommended prac-

tice for orifice meter installation, including the

construction and location of pressure and tempera-

ture taps, may be conveniently adopted.

5



4.2. Flowmeters

The selection of flowmeters depends on the

range of flow rates the test setup is called on to

measure. For a component of a given size, the

flow rate under any given set of test conditions

may be estimated from eq (7) if the approximate
value of the area factor of the component is

known. Once the range of the maximum and
minimum flow rates is determined, a suitable flow-

meter can usually be selected from the literature

on the subject. However, if the range is very
large, several floAvmeters, each covering a portion

of the range, may have to be used. Therefore,

some flexibility in the test setup should be given
careful consideration at the design stage, especially

if the same setup is to be used for measuring com-
ponents of several sizes. The same consideration

also applies to the selection and installation of the

control valve.

Except for leakage type of flow, the flow through
a component is usually in a range high enough so

that the flow rate can be measured by means of an
orifice type or a nozzle type of flowmeter. These
are convenient to use because of their simplicity,

and because of the large amount of data that has
been compiled in the literature. Generally speak-
ing, the orifice type is somewhat less expensive
than the nozzle type, but has a smaller capacity
than the latter. The choice between the two
types depends primarily on the requirements of

the test setup.

The transition section joining the approach
section and the component should be smooth and
well shaped to reduce entrance loss to the com-
ponent. But for the purpose of standardizing
test equipment, it may be more important to

adopt an easily reproducible shape, such as a
rounded section with a single radius, than to have
a highly efficient shape with minimum loss. It is

also important to have an accurate throat diameter
in the transition piece if the reference flow is to be
based on the cross-sectional area of the throat.

If the area factor of a component is to be measured,
for example, the throat diameter should be very
nearly equal to the nominal inlet port diameter of

the component.

The diameter of the approach section should be
3 or 4 times the diameter of the throat in the
transition section in order to take advantage of

the fact that the approach velocity factor would
then become negligible, as pointed out earlier. If

the test setup is to be used for measuring com-
ponents of several sizes, the diameter of the ap-
proach section should be made large enough to
accommodate the largest component.

Regarding the installation of either type of

flowmeter, it is perhaps most convenient to have
the flowmeter at the end of the test setup, as in

figure 4, so that the differential pressure across
the flowmeter can be measured with a simple
manometer. The useful range of the flowmeter
could be increased somewhat by pressurizing the

flowmeter by means of a control valve downstream
of the flowmeter.

4.3. Sample Test Data

The various points brought out in the discussion ^

of the area factor and its measurements may be

further clarified by examining representative test

data such as those shown in figure 5. These
data were obtained by measurements on a group
of four components in two sizes, two in each size.

|,

The nominal inlet port diameter was 0.172 in.

(inlet port area= 0.0233 in.
2
) for the smaller com-

ponents, and 0.297 in. (inlet port area= 0.0693

in.
2
) for the larger components. The components

of the same size were identical within manufac-
turing tolerances, but in the two sizes, these

components were not geometrically similar. In

fact, the ratios of the dimensions of the corre-

sponding parts and flow passages were found to

vary from 1 to 2 to about 1 to 1, and the majority

of them were greater than the ratio of the inlet

port diameters, which was 0.172/0.297, or 0.58.

The test setup used for measuring the flow rate

was similar to the one shown schematically in

figure 4. The upstream pressure was regulated

by means of a pressure regulator connected to a

3,000-psi high-pressure source.

The diameter (i.d.) of the approach section was

1y2 in., giving a cross-sectional area of 1.77 in.
2

This was 25 times as large as the inlet port of the

large components, and over 75 times as large as

that of the small components. The approach

velocity factor, therefore, could be neglected

without appreciable error. The approach section

was approximately 24 diameters long. The pres-

sure and temperature probes were both 2 diame-

ters upstream of the component, at the end of the

approach section. The temperature probe per-

Pressure Ratio, r = P2/p

,

Figttee 5. Sample test data showing good correlation

on the basis of area factor.
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haps could have been located farther upstream to

reduce disturbance in the flow just ahead of the

component, but this was not investigated.

The transition section connecting the approach
section and the component was nozzle-shaped with

a throat diameter equal to the nominal inlet port

I
diameter of the component. The cross-sectional

contour from the entrance plane to the throat

section was a simple quarter-circle, with a radius

equal to % in.

The component discharged into the exit section

through a sudden expansion from the diameter of

the outlet port to the full diameter of the exit

section, which was 1% in. The exit section was
approximately 13 diameters long, and the pressure

tap was approximately 8 diameters downstream of

the component.
The flow meter was of the nozzle type built to

the specifications of reference [5]. The flow rate

was computed from the data given in reference [6],

which was a revision of reference [5]. According
to reference [6], the accuracy of the flow measure-
ment was somewhat better than 1 percent.

The procedure for the test was straightforward.

The pressure regulator was first adjusted to give

the desired pressure in the approach section. The
control valve was then opened to some arbitrary

position to permit some air to flow through the
component. The pressure regulator was then
readjusted, as necessary, to make sure that the

pressure in the approach section was at the desired

level. The measured quantities were: Pressure
and temperature in the approach section, pressure

in the exit section, pressure and temperature in

the flowmeter, and the barometric pressure. The
rate of ah flow was determined from the last three

items of information. The area factor was then
computed from eq(7), using the cross-sectional

area of the inlet port as the reference area. This
process was repeated at other settings of control

valve, until a range of pressures in the exit section

was covered.

The experimental results obtained in this

manner were plotted in figure 5. The correlation
on the basis of area factor is seen to be very good
with respect to changes both in upstream pressure
and in the size of the inlet port. In addition,
since no effort was made to control the upstream
temperature, which was observed to vary as
much as 30° F from room temperature in a single

series of tests, these results show that the area
factor also provides a basis for correlating the
effect of changing the upstream temperature. It

is also interesting to note that the area factor was
not constant, but increased to a maximum with
decreasing pressure ratio (except for the small
initial drop at pressure ratio near 1.0). The
maximum was reached at a pressure ratio of about
0.4, somewhat lower than the critical pressure
ratio of 0.528 for air flow through an isentropic
nozzle. Below 0.4, the area factor remained
constant, indicating that the flow was choked.
The variations in area factor with pressure ratio

observed here are typical of components in -which
the flow passage is not of the simple nozzle type.
In specifying the capacity of a component, it is

therefore necessary to give both the area factor
and the corresponding pressure ratio across the
component.

In conclusion, the data of figure 5 show that
good correlation in terms of area factor versus
pressure ratio was obtained over a wide range of

size and test conditions. This good correlation

resulted, of course, from the fact that the flow
patterns in the test components were basically

similar. In general, the area factor curves for

dissimilar components will be different from one
another. But, whether the components are

similar or not, it is clear from the example given
here that the area factor, obtained in a certain

prescribed manner, provides a valid and
convenient basis for comparing the capacities of

flow components, regardless of their size and
design, and over a wide range of test conditions.
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