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Performance of Small
Herschel-Type Venturi Tubes

e

P. L. WALKYER, JR., R. J. FORESTI, JR., F. RUSINKO, JR., and B. W. McCORMICK

The Pennsylvania State University, State College, Pennaylvania

The characteristics of five HMerschel-type Venturi tubes with throat
diameters ranging from 0.073 to 0.359 in, and throat-to-pipe——diameter ratios
from 0.0882 to 0.4340 have been investigated.

Research on the performance of Ven-
turis with small throats and low
throat-to-pipe-diameter ratios has
been practically ignored to the present.
Their high value of frictional resist-
ance and the low throat pressure pro-
duced, which can cause cavitation of
the liquid, have been disadvantages
which have kept these Venturis from
being utilized as flow-measuring de-
viees; however, recent research by two
of the authors{f), among others,
on the possibility of using the low
throat pressure of the small Venturi
to induce a secondary lquid stream
(that is, to use the Venturi as a pro-
portioner) poinied to the need for in.
formation on these Venturis. In this
work the exhaustive data available on
throat-to-pipe—diameter ratios above
0.25 have been extended down to a
walue of 0.0882. In addition, the per-
formance of the Venturi at unusuai
operating conditions has been investi.
gated with the pressure recovery being
varied from close to 0 to 1009 (the
Venturi as a metering device has a
pressure recovery of roughly 80¢:) in
an attempt to determine the effect on
flow rate and Venturi throat pressure,
both important parameters if the Ven-
turi is to be used as a proportioning
device.

APPARATUS

The standard Venturi design dis-
cussed by Jorissen(3, ;) and presented
in the British Standard Code(I) was
adhered to in the construction. Fig-
ure 1 shows a drawing of the larg-
est Venturi used. ALl Venturis utilized
an entrance cone with an inecluded
angle of 21° and an exit cone with an
angle of 7°. The length of the Venturi
throat in all cases was nearly equal
jo the Venturi-throat diameter. At the
middle of the throat a 1/32-in. pressure
tap was located for pressure readings.
A collector piezometer ring was not
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employed since for these smali throais
it was feared that too many pressure
taps might severely distert the flow
through the threoat, The Venturis were
made of Lueite aerylic resin so that
flow conditions might be observed and
pictures taken. The resin was very
easily worked and was finished te a

high polish. Sections of I7ST aluminum

alloy were connected to the Venturi
with hand tightening of the Venturi
proper to these sections made possible
by 1-in. machine threads. Extreme care
was taken in machining to assure a
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smooth fit between these sections.
Phe manner in which the exit
aluminum section was connected to the
standard 3/4-in. (1.D. B83/64 in.) iron
pipe iz shown in Figure 2. The en-
trance section employed a similar con-
nection. To join the Venturi unit
smoothly to the pipe with ne irregulari-
ties or surface roughness, 2 steel sleeve
was soldered to both the entering and
exit pipe and the internal surfaces
were carefully polished, A geed con-
nection was then achieved by tighten-
ing the large hexaponal nut against a
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rubber gasket, For most of the work
only hand tightening was necessary.
Figure 8 shows the over-all flow
sheet of the apparatus. An Aurora
Pump Company pump with a eapacity
of 8.0 gal./min. at 275 Ib./3q. in. gaupe
was used in the work, With the by-
pass system shown, flow rates could
be easily adjusied and maintained. A
high-pressure rotameter with a flow-
rate range of 0.5 to 11.5 gal./min. was
used, on which flew rates could be read
te the nearest 0.1 pal. A strainer was
piaced in the line to remove any for-
eign matter which might coneeivably
lodge in the Venturi throat. Preceding
the Venturi, a 7-ft. vertieal section
{100 pipe diameters) of new galvan-
ized-ivon pipe assured a well-developed
flow patfern leading into the Venturi
The upstream pressure tap was in all
cases a 1/16-in. hole located 3 1/2 pipe
diameters ahead of the entrance come.
The pressure drop between this tap
and the entrance to the Venduri tube
was negligible. The downstream pres-
sure fap was a 1/16-in. hole drilled in
the 3/4-in. iron pipe and located 7
pipe diameters after the exit cone. A
3/4-in. globe wvalve was located 22
pipe diameters downstream from the
exit come and was used to vary the
back or exit pressure of the Venturis,
Pressure readings at the Venturi

throat were made on a 82«in. Hp
manometer where possible. The inlet
and outlet pressures, as well as high
throat pressures, were read on a 6 8/4-
in. face, 300 ib./sq.in. Crosby gauge.

The water used had an average
temperature of 50°T.; it contained
8 p.p.m. of oxygen, 13 p.p.n. of nitro-
gen, 0.3 p.p.m. of chlorine, and neg-
ligible amounts of carbon dioxide in
the form of dissolved gases.

EXPERIMENTAL PROCEDURE

The data were taken at selected
valdes of inlet pressure, at which the
outlet pressure was varied to produce
different flow rates. At each condition,
measurements were taken of the inlet,
antlet, and throat pressure and of the
flow rate. For each Venturi, data were
obtained up te the maximum capacity
of the pump, that being the pressure
in the case of the small Venturi and
flow rvate for the larger Venturis.
Duplicate runs gave excellent repro-
ducibility of the data.

ANALYSIS OF RESULTS®

Discharge Coefficients. At each con-
dition of inlet and outlet pressures,
discharge coefficients and pipe Reynolds
numbers were ealculated for the five
Venturis. The discharge coefficient €
is defined by

A f‘z (p; —

=C A ’Pr)l
L

The € is a measure of the deviation
of throat wvelocity from the ideai-fluid
case. In purely potential flow the value
of ¢ would be unity.

The caleulated variation of the dis-
charge coefficients with the pipe Reyn-
olds number for the different Venturis
is presented in Figure 4. An ap-
preciable decrease in the discharge
coefficient for the smallest Venburi as
the Reynolds number decreased below
10,000 is observed. As is evident, there
is considerable scatter in the data for
the larger Venturis, partiezlarly at the
lower Reynelds numbers. The reasons
for this are not entirely clear as the
data were reproduecible; however, it

Fi1G. 4. DISCHARGE COEFFICIENT AS A FUNCTION OF PIPE REYNOLDS NUMBER FOR A
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was observed that for the largest
Venturi the pipe was not completely
filled with water at the lower flow
rates. In view of the experimental
scatter, the major contribution of this
paper is feli fo be in presenting and
analyzing the daia obtained on the
effects of cavitation and operation at
extremely low Reynolds numbers and
not in presenting quantitative values
of the discharge coefficient in the Ven-
turis. 1% is unfortunate that the limitr.
tions of the test equipment prevented
operation of the smailest Venturi in
the same range of Reynolds numbers
as the larger Venturis.

The effect of Reynolds number ap-
pears to be conveniently presented as
a “coefficient of correction,” as given
by Jorissen(3), This coefficient is the
ratio of the discharge cosfficient at any
Reynolds number te the discharge co-
efficient at a relatively high Reynolds
number {greater than 200,000) above
which the discharpe coefficient remains
constant., Aeccording to Jorissen, the
coefficient of correction dees not de-
pend to any extent upon the throat-
pipe—diameter ratio. This coefficient
was given by Jorissen down to a pipe
Reynolds number of 10,000, By use of
the eurve of the discharge coefficient
for the small Venturi as a funciion of

“The complete data are availabie ns docus
ment 4477 from the A.D.L.  Auxiliary Pube
lications Project, Photoduplication Service, Li=
brary of Congress, Washington 25§, D.C., at

$1.26 for. photoprints and $1.26 for 35.mm,
microfiim.
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Fta. 7. BFFECT OF INCREASING OUTLET PRESSURE ON THE DEGREE OF CAVITATION IN VENTURI DIFFUSER:

A= 022684, p. = 11TLB./5Q. IN. GAUGE, @ = 11.5 CAL./MIN.

Reynolds number, Jorissen's coefficients
of correction have been extended down
to a Reynolds number of 1,500, as
shown in Figure 5. The asymptotic
value of the discharge coefficient was
chosen so as to give the same value
of the correction coeficient at a Reyn-
olds namber of 10,000 as was reported
by Jorissen. It can be seen from Figure
5 that the effect of Reynolds number
on the discharge coefficient becomes
quite appreciable for Reynolds num-
bers much below 10,000, Whether or
not this eurve for the correction co-
efficient is independent of g for rela-
tively low Reynolds numbers unfor-
‘tunately cannot be determined by the
dats presented here.

Cavitationn Inception. In addition to
the discharge ceefficients, considerable
information was obtained on the effect
of cavitation on the performance of
the Venturis. For a fixed-inlet pressure,
as the outlet pressure was reduced, a
pressure and veloeity weould be reached
at which cavitation would begin im-
mediately following the throat. Any
further reduction in outlet pressure
produced no increase in the flow rate
or the measured value of the throat
pressure.

The occcurrence of cavitation in the
Venturi is closely linked with its per-
formance., Pigure 6 shows a typieal
variation of flow rate with outlet
pressure for different inlet pressures
with a g of 0.2264 for the Venturi.
It can be seen that at a specifie inlet
pressure there is an outlet pressure
below which the fiow rate remains
constant. This specific inlet pressure
also represents the point of inception
of cavitation; that is, as the inlet
pressure iz comniinually inereased from
zero to its critical value, the degree of
cavitatien in the diffuser section of
the Venturi decreases, Upon reaching
&he eritieal outlet pressure for a con-
itant inlet pressure, cavitation stops.
Figure 7 clearly shows this phenome-
non for the foregoing Venturi operat-
ing at a constant inlet pressure of 117
1b./sq. in. gauge. The three photo-
graphs from left to right represent
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0, 50, and 95 lb./sq. in. gauge outlet
pressures, respectively. When the
“critical” outlet pressure of 98 lb./sq.
in. gange is reached, ne cavitation is
Seern.

It is usually desirable to avoid
cavitation in a Venituri for at least
several reasons. First is the fact that
the loss in total head across the Ven-
turi increases considerably with eavita-
tion present. This is obvious from
Tigure 6, which shows an appreciable
decrease in the outlet pressure with
no change in the inlet pressure and
flow rate once cavitation occurs, Sec-
ond, cavitation is undesirable from
the standpoint of its aceompanying
neise and vibration. It is therefore
expedient to prediet when cavitation
in a given Venturi will occur or, given
a set of flow conditions in a pipe, to
seieet the Venturi which will produce
the largest differential pressure across
the inlet nozzle without cavitating,

Cavitation is conveniently ifreated
in terms of a parameter dencted as
the cavitation index, ¢, defined by(5):

—BL B (@)
1/2 P (V.n)-

"This parameter can be defined in the
general sense as an operating index;
however, for a given geometrieal con-
figuration there will be one particular
value of this index at which cavitation
will begin, The value of ¢ for the in-
caption of cavitation is referred to as
the eritical cavitation index, o, If »
is higher than o, there will be no
cavitation present, but if ¢ is less than
ocr, the critical pressure will have heen
reached and eavitation will occur. The
value of p. is usually taken to be the
vapor pressure of the fluid although
for extremely clear liguids it can be
appreciably smaller, since it is gen-
erally accepted that nuclei of air or
solid particles are needed about which
the cavitation bubbles can grow.

The foregoing expression for the
eavitation index can be rewritten in
the form

G =

A.LCh.E. Journal

(1)-1]

i Pe ™ De
¢ = 1+ ; ) 3
C'_' \ D Pt
1£ it is assumed, as is often done
in elementary books on fluid me-

chanics(2), that the minimum pressurs
occurs at the throat, then at the in-
eeption of ecavitation o == p. and o,
is given approximately by

)

Forn. (4

It was found that this approxima-
tion holds quite closely for all the g's
tested except 5 = 0.0882. For this case
the caleulated flow rates for the in-
ception of cavitation were in error by
approximately 2 to 3%, when the ap-
proximation of Bquation (4) was used.
Trom the data obtained, the term
H— for g = 0.0882 was measured
as varying from 0.03 to 0.05, depend-
ing slightly upon Reynolds number.
Since that term iz small compared to
unity, it is suggested that the eritical
cavitation index be caleulated for this
case from
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TION OF CAVITATION FOR A SERIES OF
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G-

Tor= 10— (5)
Cu
- D
Use of values of —m of less

than 0.04 for intermediate wvalues of
g between 0.0882 and 0.2264 should
resulié in predicted flow rates within
2% of the eorrect values.

Sinee C is a function of Reynolds
number, which in turn is dependent
upon the velecity fo be obtained from
oo, the solution of Equation (5) for
the eritical velocity is an iterative one.
As an example, 8 = 0.0882 and py =
162 1b./sq. in. gauge may be used. The
problem is to find the flow rate at
which cavitation will cceur.

‘When it is assumed that C= 1,
Equation (B) gives o, == 17,250,

1f V. is solved for in Equation (2)
and atmospheric pressure taken as 14
1b./sq. in. gauge(5) and p, = 0.6 Ib./sq.

in. gauge
Vs \/1/2po'

Tid (162 + 14 — 0.5)
0.97 (17,250)

= 1,192 ft.,sec.

The pipe Reynelds number will then
be

VoD 1 192(0. 069)
v 14 % 10°

N &, pipe= 5,870

When the mean eunrve shown in Fig-
ure 4 is used, C = 0.9. Repeating the
steps with this C gives Ng,, pipe=
5,280, For this Reynolds number C =
089, for which Nr., pipe = 5,220. To
the aceuracy of I‘igure 4 the C for this
Reynolds number is again 0.88. The
veloeity corresponding to this € is
Vo= 1,062 ft./see. The cross-sectional
area of the pipe is 0.00873 sq. ft., and
50 the flow rate becomes @ = 0.00356
eu. ft./sec. or @ = 1.78 gal./min. This
compares favorably with the measured
fiow rate of 1.80 gal/min. for the
cavitating Venturi at this inlet pres-
sure. The calenlated and measured

flow rates for the inception of cavita-
tion for the five Venturis are com-
pared in Figure 8. In these calenla-
tions, Equation (b) was used for the
smallest Venturi and Equation (4)
for the remainder. Good agreement is
found between the ealeulated curves
and the experimental points for the
four smallest Venturis. For the largest
Venturi, owing to the limitation in
pump capacity, eavitation was not ex-
perimentally found; therefore, for this
Venturi only the predleted variation
in critical flow rate is presented.

Pressure Recovery. The efficiency of
pressure recovery was computed for
each set of data. This efficiency is de-
fined as

pa'—pt
=P 6
7 Pi=Th 6)

and represents approximately the per-
centage of the throat velecity head
recoversd as pressure head in the
diffuser. It is desirable to maintain as
high a value of this efficiency as possi-
ble in order to reduce the loss in total
head attributable to the Venturi.

The variation of =n with the pipe
Reynolds number for the five Venturis
tested is given in Figure 9. These
curves are for the noncavitating con-
ditions only. It can be seen from this
figure that there iz little or no scale
effect on 7 for g = 0.0882 but for the
larger Venturis the values of w appear
to inerease slightly with increasing
Reynolds numbers.

The effect of eavitation en the pres-
sure-recovery efficiency is marked. This
is readily apparent from the fact that
once cavitation is reached for a fixed
inlet pressure, the threat pressure re-
mains constant for further reductions
in the outlei pressure.

CONCLUSIONS

It is coneluded from the analysis
of the testz of five small Venturi tubes
thai the discharge coefficient of a Ven-
turi tube decreases appreeciably with
decreasing Reynolds number below a
pipe Reynolds number of approximate-
1y 10,000.

The approximation that the mini-
mum pressure in a Venturi occurs at
the throat is shown to be satisfactory
for predicting the occurrence of cavi-
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tation in all but the smallest Venturi
tested. For this Venturi with a threat-
to-pipe-diameter ratio of 0.0882, a 4%
correction to the inlet-threat pressure
difference is recommended for com-
puting the critieal flow rate for the
ineception of cavitation.

The pressure-recavery efficiency for
noncavitating eonditions is found to
increase slightly with Reynolds num-
ber for the Venturis with the large
throat-to-pipe-diameter ratios and te
be nearly independent of Reynolds
number for the smaliest Venturi. This
efficiency for a given Reymnolds num-~
ber decreases with decreasing throat-
to-pipe ratio; however, the rate of
decrease is not prohibitive to the use
of very low ratios sinece the efficiency
of the Venturi with a throat-to-pipe~
diameter ratio of 0.0882 iz still ap-
proximately 81%.

It should be emphasized that these
eonclusions are valid only for the range
gf Reynolds numbers considered here-
in.
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NOTATION

A, = throat area, sg. fi.

C = discharge coefficient

d = throat diameter, in.

D = pipe diameter, in.

Po = critical pressure for inception ¢~
cavitation, usually taken fo L.
vapor pressure of fluid, Ih./sq. ft.

== inlet pressure, lb./sq. ft.
po == outlet pressure, lb./sq. ft.
pr = throat pressure, Ib./sq. fL
@ =rate of flow, cu. ft./sec.

V,=flux average velocity
ft./sec.

in pipe,

Greelc Letters

A = throat-to-pipe-diameter ratio d/D
yn, = efficieney of pressure recovery

y = kinematic viscosity, sq. f%./sec.

p = fluid mass densify, slugs/cu. ft.
¢ = cavitation index

«,, = eritical cavitation index, that is,
at inception of cavitation
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