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The use of the critical orifice to stabilize the flow
rate of a gas is well known. It has been used, for
example, in environmental studies in industrial
hygiene to stabilize the flow of air through sampling
circuits, while in the impinger the impaction jet can
be run under " critical flow" conditions to give a
sonic jet for impaction purposes and at the same
time a controlled sampling rate.
Many authors have investigated experimentally

and theoretically the discharge of gas through an
orifice. Saint-Venant and Wantzel (1839) first
obtained the equations of discharge by assuming
that an adiabatic type of pressure-volume relation-
ship was applicable under the conditions of flow.
They obtained the relationships:

u2/2=y1 Po - 1-

1-(P/p IY7 t(2)w = A 2t po Po ( p/p. 2i'yy(

in which u is the speed of the gas, p its density, P the
pressure in the jet, A its area, and w the mass rate of
discharge. The suffix o refers to conditions inside
the discharging vessel in which u = o.

Saint-Venant and Wantzel observed that the
equation (2) gave a maximum value for w when P-

P (42) Y- and that as P tended towards zero
y+l

w also became vanishingly small, i.e., the equation
predicted zero rate of gaseous discharge into a
vacuum. Experimental investigation of this para-
doxical conclusion showed that the rate of discharge

increased as the ratio of receiver pressure (Pr)
Po

decreased from 1 to about 0 4, but that after that it
remained constant. They concluded that the
pressure in the jet and in the receiver were not the

same for o < Pr < 0-4.fo
The theoretical consideration of discharge under

critical conditions was developed by Reynolds
(1886). He assumed that once critical flow had
been established w (Eq. 2) remained constant but
that A varied. The condition for minimal area of

the jet led to the condition P = Po 2( )I which

implies that the velocity in the minimal section is
that of sound under the conditions of pressure and
temperature there pertaining. The discharge of gas
through an orifice under critical conditions can
therefore be regarded as consisting of a number of
streams originating in the discharging vessel, which
contract and pass through the minimal section or
throat, and subsequently behave in a manner which
enables the emerging streams to come to equilibrium
with the pressure in the receiver. Reynolds deduced
that when the velocity of sound was attained in the
throat it would be impossible for waves of conden-
sation to travel from the receiver back into the
throat, and, therefore, variations in receiver pressure
would not affect the rate of discharge, provided the
receiver pressure Pr was less than the theoretical
figure of 0-527 Po. This conclusion is in agreement
with the experimental observations of Saint-Venant
and Wantzel.
A series of most elegant experiments was carried

out by Hartshorn (1918), following the suggestion
of Lord Rayleigh, to test whether the criterion of
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critical flow Pr < 0-527 Po held for orifices of various
types. His experimental technique enabled him to
record flow changes of less than 0-1%, and he
found that the theoretical criterion Pr < 0 527 Po
only applied to convergent orifices. Parallel-sided
orifices did not give constant flow for values of
Pr > 0-2 Po while divergent cones gave constant flow
for values of Pr/Po from 0-2 to 0-8 according to the
angle of the cone. The change in flow with pressure
above the critical value was usually very small at
first; for example, with a parallel-walled orifice,
Hartshorn showed that critical flow is attained when
0 18 < Pr/Po < 0-22 while the flow rate reaches
99% of the critical flow when Pr/Po = 0-44.
The subject was further developed by Stanton

(1926) who investigated the velocity distribution in
various configurations of jets both by the Pitot tube
method and by means of " shadow" photography.
He found that in all cases the section of the air jet
diminished to a minimal value and then expanded,
and that the velocity through this minimal section
was that of sound under the conditions existing.
The minimal section in the case of a free jet is not
constant in area or position relative to the plane or
throat of the orifice but depends on the total ratio
of the expansion. This effect explains the initial
small change of flow with pressure in Hartshorn's
experiments. In the case of diverging nozzles he
found that the minimal section could, for all
practical purposes, be regarded as coincident with
the throat of the nozzle.

Control Orifices with Divergent Cones
The experiments described in this paper were

made to obtain data for the design of low-pressure-
drop control orifices and
to investigate methods of
fabrication and calibration.
These orifices were required
to control the airflow in a
wind tunnel for the study of Manometer indicatin
airborne infection (Druett critical orifice with
and May, 1952). For this respect to
reason, the orifices studied atmospheric pressurc
were in the flow range of 10
to 200 1./min. No attempt
was made to emulate the Rotameter
extreme precision of Hart-
shorn's experiments. Flow
rates were measured on a
rotameter with which it
was possible to detect flow
changes with an accuracy
of 0-5%. For this reason
the reservoir pressures

recorded for the onset of critical flow are some-
what higher than those given by Hartshorn.
The factors investigated were:
(1) The pressure drop necessary to produce

critical flow with various cone angles; (2) the effect
of cone length on the pressure drop necessary to
produce critical flow with orifices of various sizes;
and (3) the design of the entry to the throat section.

Material
All orifices were made from perspex. This

material was chosen on the grounds of transparency,
availability, free working properties, and the ease
with which a highly polished finish can be obtained.

Method of Construction
Reamers were made by grinding previously hardened

steel to the required taper and grinding flats to form a
two-edged cutter. Subsequently a D-cutter was tried
and proved to be highly successful. It was found im-
possible to shape the steel before hardening owing to
the subsequent distortion of the metal by heat.
A piece of perspex rod about 3 cm. long was drilled

axially and one end radiused to form a smooth entry.
The cutter of the appropriate angle was then inserted
from the opposite end of the rod and work continued
until only a short parallel section about 1/10 in. long
remained. The coned portion was then polished, the
perspex rod reversed in the chuck, and the parallel
throat and radiused entrance polished.

Method of Test
The circuit used in these experiments is shown in

Fig. 1. Air was drawn through the rotameter and
critical orifice under test into a reservoir. The reservoir
was continuously evacuated by a pump, the reservoir
pressure being adjusted by allowing the air to enter

Critical orifice

-Manometer indicating
pressure drop across
orifice

control valve

Fig. I
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10
Cone Angle in Degrees

Fig. 4

through the reservoir pressure control valve Fine
adjustment of the pressure drop across the orifice was
made by means of the flow control valve. A series of
readings of flow rate and pressure drop was taken, and
the flow rate corrected to normal pressure.

Results
Pressure Drop: Flow Characteristics.-Orifices

were made with divergent sections having the
following total angles ", 1°, 12°, 20, 20, 30, 340
40, 410 50 60, 70, 80, 100, and 150 and the flow
rates determined for various pressure drops across

each orifice. These results were plotted as shown
for representative cases in Figs. 2 and 3. Except for
values of flow/critical flow near to unity, the curves
obtained were found to approximate to the first
quadrants of a family of ellipses whose semi-axes
have Pr/Po - 1 and flow/critical flow = 1 as

common tangents whose centre lies on the abscissa,
i.e., of the form (x - 1 + a)2 + a2 y2 = a2 where

o < a < l. This is as
theoretical considerations
predict (Prandtl, 1936).
From these results a curve
of total cone angle against
pressure drop for critical

2% flow was plotted, as shown
in Fig. 4. This curve shows
a sharp maximum at 40 and
this angle therefore repre-

-05% sents the optimal value for
low-pressure-drop critical
orifices.

Length of Conical Part of
Orifice.-For these experi-
ments three orifices were
made with a total cone
angle of 40 having flow rates

01% of 20 1./min., 104 1./min.
and 200 1. /min. respectively.
A fiducial ring was made on
the outside of the perspex
round each orifice approxi-
mately in the plane of
intersection of the conical
section with the cylindrical
throat. From this fiducial
ring distances were marked
at appropriate intervals
along the venturi section of
the orifice. A series of

15 20 readings was taken of the
minimal pressure drop
across each orifice to give
critical flow with the conical

section cut to each of the chosen lengths in turn.
Finally, a longitudinal section was made through the
axis of each orifice, and the distance from the plane
of the fiducial ring to that of the plane of inter-
section of the conical section with the throat was
determined by means of a travelling microscope. A
plot was made of cone length against minimal
pressure drop for critical flow as shown in Fig. 5.
For short lengths of cone, the experimental

curves approach those derived by applying the
equation of continuity to the venturi section taking
conditions pertaining in the throat as the boundary
conditions (Prandtl, 1936). Curves A and B of
Fig. 5 were derived from the equation of continuity
for 100 1./min. and 200 1.min. respectively. It was
found that increasing the length of the orifice
throat increased the pressure drop necessary for
critical flow, due to increased frictional losses. The
throat length was therefore kept as short as possible.
It is probable that small defects in machining or
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CONSTRUCTION OF CRITICAL ORIFICES

Ratio of Flow to Throat Area for Orifices with 40
Cones

Six orifices with flow rates ranging from 10 to
200 1 ./min. were used. Measurements were made of
the area of the throat and of the flow rate in each
case. A mean figure of 1 -45 l./min./mm.2 at 150 C.
and standard pressure on the upstream side of the
orifice was obtained, which agreed well with the
value of 11[4 l./min./mm.2 obtained by the appli-
cation of Fliegner's formula

Q = 0-38 aP, / vT

where a is the area in cm.2, P1 is pressure in kg./cm.2,

20 I./m n.

+ 104 I./min.
+ -+ 200 1./min.

3

Length of conical section

Fig. S

4 5 cm.

polishing may also have introduced frictional losses,
and so the curves given in Fig. 5 can be taken as
approximate only. Calculations based on the
equation of continuity predict that the length of
conical orifice necessary to give any chosen critical
pressure will increase in proportion to the radius of
the throat, i.e., proportional to the square root of
the flow. On the other hand, since the frictional
wall loss is proportional to the radius of the throat,
and the rate of discharge is proportional to the area
of the throat, the frictional losses per unit mass of
gas discharged will decrease inversely as the throat
diameter.

These generalizations offer an explanation of the
shapes of the experimental curves in which we
observe that the lowest critical pressure is obtained
for the highest flow rate in the case of a long venturi,
but that an ordered sequence is not obtained for
the other flow rates for short venturis.

Entrant Shape.-A variety of entrant shapes was
tried, the most satisfactory types being those
formed by radiusing the walls to give a continuous
smooth curve into the throat.

T is absolute temperature in' 'Kelvin, and Q is the
output in kg./sec.

Effect of Upstream Pressure
As shown by the Fliegner formula (Prandtl, 1936)

the flow through a critical orifice varies directly as
the absolute upstream pressure. This was confirmed
experimentally with venturi type orifices. As shown
in Fig. 6 the " critical " type flow took place at
pressure differences of less than one-half the entrant
pressure, as would be expected.

Production of Venturi Type Orifices for Control of
Gas Flow

The manufacture of orifices for control purposes
was carried out as described earlier in this paper.
The piece of perspex rod was initially bored with a
drill a few thousandths of an inch smaller than the
diameter theoretically predicted for the required
flow rate. The smooth, radiused entrance and
conical portion were then machined and polished.
Finally, the throat was enlarged by careful polishing
until the required flow rate was registered on the
calibrating gasmeter.
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Conclusion
Orifices of the type described have been in

continual use in this department during the past
three years and have proved most satisfactory. The
use of orifices of this type to stabilize the airflow in
aerosol sampling can often lead to a considerable
reduction in pump capacity with a consequent
saving in both weight and expense. Many visitors
have asked for information on the manufacture of
these orifices and it was felt that the information
contained in this paper, although not novel, might
be of general interest.

Summary
A method is described for making and calibrating

Is 20 25
ith respect to Atmospheric

30

ig. 6

critical orifices which function at small pressure
drops. The critical orifice consists of a parallel
throat followed by a divergent conical section.
Data are given for the effect of cone length and
angle on the characteristics of the orifice.

This paper is published by permission of the Chief
Scientist, Ministry of Supply.
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