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F l o ~ ~  past Iong rudius nozzles is strrdied in the Reynolds number ratzge oj" 1 tto 
I0,WO based on experiments irr an oil recirculation system. The ratio to/' noz.dc 
outkt diameter lo pipe diameter is varied from 0-2  to 0'8. A.spccts ~Iiiilird include 
the coeficienr of discharge, sensitivity of the discharge coefficierrr to marginal shijrs 
in pressure tap location, lass coe@cient, loss as function of the meter pressure di&rm- 
lial, critical Reynolds number corresponding to the origin of turbulence downs:rea!n 
of the nozzle, sefling length, and nature of develop~nent of pressure urid velocity 
fields. The contribution conmi11ed in the paperfilk the gap tho1 e.~ists in iiwrarure 
on the perforinance of Iong radius ~zo~zles at low and moderate Reynolds numbms. 
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A flow nozzle haa a curved entrance leading sm~othly to a cylindlicnl 
throat. Various standard designs mc available and two of the most common 
forms are the ASME long radius nozzle and the circular arc nozzle. In the 
circular arc nozzle the inlet consists of two circular arcs of different radii. 
In the long radius flow nozzle [I]  with which the present studies are wnnmcd, 
the approach to the throat is a quadrant of an ellipse. 

While studies 12, 3, 41 are avalable on dscharge characterlst~cs of flow 
noulei, there appeals to be hardly any invsttgatxons on &err other cherracte- 
ristics. Even these studies arc confined to higher Rtynolds n u m b s  an&, 
The objectwe of the present study is to fill the gap that exists in literatort: 
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regarding the long radius nozzle performance at low and moderate Reynolds 
numbers and provide infosmation on aspects such as coe@cient of discharge, 
loss coefficient and settling length. In the present investigations, integrated 
studies are made on flow past long radius nozzles covering metering aspects, 
loss characteristics and development of pressure and velocity fields down- 
stream of the nozzle. The studies cover the range of pipe Reynolds number 
R (= nDjv where ii is the average pipe velocity, D is pipe diameter and v is 
kinematic velocity) of 1 to 10,000. F o v ~  nozzles a:-e studied with nominal ,B 
ratios (ratio of nozzle outlet diameter ro pipe diameter) of 0.2, 0.4, 0 .6  and 
0.8. Thc studies fo1.m part of an extensive experimental project on sharp 
and quad?ant-edged orifices al;d nozzles [5 ] .  

Aspects considered in the study include the coefficient of discharge, 
sensitivity of discharge coefficient to marginal shifts in pressure tap location, 
the loss coefficient. the loss as a fraction of the meteT pressure differential, 
the ciitical Reynolds ni!mber at which turbulence o~iginates downstream 
of the nozzle, the pressure and velocity field settling length and the nature 
of the development of pressure and velacity fields. The determination of 
the various parameten of intercst aTe based on experimental invettigations 
conducted in an oil recirculation system. 

Referring to Fig. 1, the coefficient of discharge C is given by 

where Q is the dischzrge rate. Ad is the nozzle outlet area, h, is the pressure 
head diop across the nozzle corresponding to the D - Dl2 taps (Fig. 1) 
and g is gravitational acceleration. 

PR. RECOVERY REGION ~m~ D~~~ 

FIG. 1. Schematic diagram for nozzle flow. 

In a constriction meter, a strict tolerance is generally called for in the 
location of the downstream pressure tap. A slight shift in this location 
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could significantly affect the C value. The experimental results were used 
to determine the sensitivity factor S defined by 

where AC is the va~iation in C value corresponding to a slnall shift A x  
in the downstream mnetcring tap locatio~i, Ax /D is th.e nond.imcnsiona1 
shift denoted by AX, h, and h,' are the pressure head drops across the 
nozzle for standard tap locatjon and the sligh.tly shifted Pap location rcspec- 
tively. 

The loss coefficient K is defined as 

where h, is the excess head loss duc to thc nozzle. Referring to Fig. I 
the loss coefficient is obtained from energy considerations as 

where h, and hd refer to the pressure heads at sections sufficiently upstream 
and downstream of the nozzlc at which the flow is fully established, and f is 
the friction factor. The second term eliminates the normal friction 
losses from the total losses to determine the excess loss due lo the nozzle. 
The excess loss may also be given as a fraction G of the pressure dlop across 
the meter. T~LIS  from eqs. (I) and (3), G is give11 by 

Beyond a particular Reynolds number the flow just downstre~un of the 
nozzle becomes turbulent even thorgh the approach flow is laminar. This 
critical Reynolds number R,, is estimated from indirect evidences. For 
Rwolds numbers less than the critical value, the flow is in the purely lami- 
nar regime with laminar flow upstream and downstream of the nozzle. For 
Reynolds numbers between R, and 2000, the flow downstream of the nozzle 
is of rehminarising type with the tulbulencc that originates itIlmehatel~ 
downstream of the nozzle decaying due to viscous forces. . For R >200@ 
fhe flows lipstream and dow~lstream of the nomle are of a turbulent nature 
In a *orma1 engineering pipe system. 



quently the length of the pressure recovery regon also increases with Rey. 
nolds number. This experimental observation is confirmed by numerical 
solution of Navier-Stokes equations [6]. However, with the origin of 
turbulence downstream of the nozzle, the rate of jet expansion increases 
suddenly with a consequeflt upstream shift in the reattachment point and 
a reduction in the pressure recovery length. This upstream shift of the jet 
reattachment point is confirmed by Johansen's flow visu&sation studies 
for an orifice 171. Thus the critical Reynolds number for the nozzles is esti- 
mated as the Reynolds number corresponding to maximum length of 
the pressure recoveiy region. It is also estimated fiom the variation 
of G with R as at the critical Reynolds number G has a minimum value 
increasing cleal.ly with the origin of turbulence. These indirect estimates 
of critical Reynolds number are also confirmed by observations of centreline 
velocity at some distance downstream of the jet reattachment point. 

The settling length fi om the pressure field obseivations x, is obtained by 
a di;cct comparison of the pressure drop between successive pressure 
paps with the corresponding PI-essule dl-op for fully developed flow. The 
flow is taken to be settled at a pressure tap s, beyond which the loss between 
successive taps agrees with the fully developed flow loss within expeiimental 
accuracies. Care was taken to ensure that downst.eam cf the tap s, any 
stight deviation within experimental accuracy between the experimental 
profiles and the corresponding fully developed profiles was not of a cumu- 
lative nature. Several pressure profile plots showed that the settling length 
determined by this approach corresponds to a flow settlement to within 
1 per cent of the fully developed flow. 

The experiments were conducted in an oil recirculation system with 
a steel pipe of 54.4 mm inner diameter 151. A straight disturbance free 
approach length of 176 D was provided before the test reach which is more 
than sufficient to ensure fully established approach flow. The test reach 
consisted of a length of 30 D upstream of the nozzle and 240 D downstream 
Thirty-two pressure taps were located in the test reach with spacing vuyinp, 
from 0.5 D near the nozzle to 20 D well downstream of it. Twelve pitor 
type velocity probes were ah0 provided with spacing varying fiam 7 0  
near the n o d e  to 40 D well downstream. The pressure differences were 
measured by a System of oil-air and oil-me~c~ry manometers 
while the discharge was measured by a calibrated collecting tank. Because 
of viscous effe~ts on pitot tubes, velocity observations were to 
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pipe Reynolds numbers of 600 and above and even for these observations 
corrections for viscous effects were made based. on Macmillan's experimental 
results [8]. Four oils were used as fluid medium with kinematic yisco- 
sities of 20 cs (oil A), 350 cs (oil B), 100 cs (oil C) and 10.5 cs (oil D) 
at 30" C. The flowing oil temperature was maintained steady by means 
of a water cooling arrangement. Verification studies without any nozzle 
were conducted and good agreement was found with well-known solutions 
of fully developed laminar and turbulent flows [5]. 

Four nozzles with nominal ratios of 0.2, 0.4, 0 .6  and 0.8 were 
studied. The exact p ratios were 0,206, 0.404, 0.609 and 0.805. The 
nodes were made as per the ASME specifications [I]. For P = 0.2, speci- 
fications of the low p series were adopted and for the other three 13 ratios, 
spesitications of the high fl series were adopted (Fig. 2). 

f 
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FIG. 2. Schematic diagram of nozzles. 

4. COEFFICIENT OF D I S C ~ G E  

The results for the coefficient of discharge based on eq. (1) are presented 
in fig. 3. The curves upto R = 10,000 are based on the present experi- 
mental results and the curves are extended for R > 10,000 from ASME 
reQ11ts [I]. For higher Reynolds numbers in the present experimental 
range, where the ASME data is available, there was good comparison bet- 
W e n  the present results and the ASME values [5].  Unlike for sharp-edged 
orifices, the coefficient of discharge for a nozzle increases monotonically 
with Reynolds number in the whole range from 1 to lo6. 
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llcing continuity and energy equations, the coefficient of discharge 
for a nozzle may be sllown to be 

where a, and a, are the kmetlc energy coeff~c~ents for the apploach flow 
and for the flow just dowlistream of the nozzle outlet and Kf is the loss co- 
efficient co~respondiiig to the encrgy loss between the metering laps In term 
of thc noulc velocity head. As Kf decreases with R, C Increases with R. 
The Increase 1s rapid at  lower Reynolds numbcr corresponding to the rapid 
change in Kf. 

The data points for ,L3 = 0.6 and 0 -8  indicated a small local drop in 
the C value at R = 2000 col~e~ponding to the approach flow becoming 
turbulent. Considering the change in the nature of the approach flow 
which might change the friction losses in the nozzle, a local drop in C at 
R = 2000 is not unexpected. As this influence is more predominant for 
high /3 ratios, this local drop in C is noted for p > 0.6. Howevcr, smooth 
curves have been drawn through the data points (Fig. 3) in view of the 
relatively small magnitude of this local change and also in view of lack of 
any confirmation from previous investigations. h general studies on 
nozzlcs at low Reynolds numbers are scanty. 

FIG. 3. Variation of co&cient of discharge. 
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The "ariation of sensitivity factor S defined in eq. (2) was cvaluatcd 
for determining the effect on C of a small downstream shift in the down- 
stream metering tap location. The results showed that the nozzles ale 
much less sensitive to slight clranges in the metering tap location than the 
sharP-edged orifices. While the effect of a slight sluft in the tap location 
do= not have any noticeable influence on C for small /3 ratios, for high P 
ratios such as 0-8, the sharp-edged orifice is very severely affected by tap 
location. For instance, at R = 10,000, while a downstream shift of 0.05 D 
in the downstream tap location challges C by 2.5 per cent for a sharp-edged 
orifice with j = 0.8, the corresponding change for a nozzle is 0.1 percent. 
In the case of a nozzle, one may expect a fairly constant pressure in thc 
whole annular space between the nozzle and the pipe wall which is essentially 
determined by the frictional losses in the nozzle. This explains ihe low 
values of S for the nozzles. 

. . 

The loss coefficient values given by eq. (4) and determined from pres- 
sure measurements are given in Fig. 4. It is seen that at very low Reynolds 
numbers, K is inversely proportional to R. The limiting value of R upto 
which the linear relationship holds good is below 2 for P - 0.2  and 9, 17 
and 90 for /3 - 0.4, 0 . 6  and 0 . 8  respectively. Eor /3 = 0 -2 and 0.4, the 
K- R curves become gradually flalter from the initial 45" line till K become 
constant at sufficiently high Reynolds numbers in turbulent flow. For /3 = 
0.6  and 0.8, the K curves display a minimum value at  R = 300 and 1100 
respectively. These correspond to the critical Reynolds number at which 
t~bulence originates downstream, as coniirmed by studies on velocity obser- 
vations and pressure recovery characteristics. There is also a local drop 
in K at R = 2000. This reduction in K value is associated with the reduc- 
tion in excess loss in the flow developing region downstream of the pressure 
raovw region, corresponding to the reduction in settling length for turbu- 
lent approach flow. These effects are not signilicantly felt for 8 = 0.2 
and 0.4 in view of the small relative magnitude-of losses in ihe developing 
r%im forlow /3 ratios. The results in Fig. 4 show that the K value has 
*ached near constancy at  R = 10,000. 

7. VARIATION OF G 

The variation of G obtained from eq. (5) giving the excess loss as a 
Pacentage of the pressure drop across the nozzle, is given in Fig. 5. The 
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FIG. 4. Variation of loss coefficient. 

constant G values recommended by ASMX [I] and vaLid for higher Rgi- 
nolds numbers are also shown in the figure and a good comparison is 
with the present values at higher Reynolds numbas. 

For purely laminar Row, G decreases with increase in Reynolds number 
conesponding to increased pressure recovery with more gradual expansion 
of the je t  dow~xtream of the nozzle. However, with the origin of turbulence 
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downstream of the nozzle, the eddy losses in the pressure recovery region 
increase with a co~~sequellt illcrcasc in G value (Fig. 5). Thus the Reynolds 

number value corresponding to the minimum value of G may be taken as 
the critical Reynolds number. The rise in G value after the critical Rey- 
nolds number is very pronounced for high /3 ratios. The G curves also 
show a local drop at R = 2000 and this drop is extremely pronounced 
for fi = 0.8. This is associated wjth the drop in K values (Fig. 4) and 
the drop in C values at R = 2000 as discussed earlier. 

The critical Reynolds numbers corresponding to the origin of turbu- 
lence downstream of the nozzle were obtained from the G curves (Fig. 5) 
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and from a study of the pressure recovery length. The R values corraes- 
ponding to the minimum values of G are 70, 140, 300 and 1080 for 13 = 0.2, 
0.4, 0.6 and 0.8 respectively. The R values of 300 and 1100 for /3 = 0.6 
and 0 . 8  corresponding to minimum values of K (Fig. 4) agree with the 
R, values from the G curves. 

The variation of the nondirnensional pressure recovery length X, is 
given in Fig. 6 for the nozzle with /3 = 0.2. XT increases gradually with 

FIG. 6, Variation of pressure recovery length. 

R at low values of R corresponding to the more gradual expansion of the 
jet. But with the origin of turbulence, the jet reattachment point shifts 
upstream suddenIy with a reduction in X7. Once the jet becomes turbu- 
lent. there is only a gradual shift in the jet reattachment point and XT. Thus 
the critical Reynolds number corresponds to the Reynolds number at which 
X, is maximum. The R, values corresponding to maximum values of l't 

are 98, 180, 400 and 1760 for ,3 = 0.2, 0 . 4 0 . 6  and 0.8 respectively. Thus 
& values based on XT are higher than those based on G. The range given 
by these two critical Reynolds numbers may be treated as the range of 
transition. This was confirmed for /3 = 0.8 by centreline velocity obser- 
vations at a distance of 12 D downstream of the nozzle. Upto R = 1100, the 
centreline velocity was nearly 2 coniirming the existence of a proacticall~ 
fully developed profile at this location. The nondimensional centreline 
velocity dropped steeply to a value of 1.4 in the Reynolds number range 
of 1100 to 1754 and thereafter changed only gradually, suggesting the onset 
of turbulence in this range of Reynolds number. 

1 
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R 
FIG. 7. Settling length for nozzle, p = 0.206 

local peak in the settling length at about the critical Reynolds number. Tkis 
Peak is associated with the extended length of the pressure recovery region 
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(Fig. 6) at the critical Reynolds number. For P = 0.2, critical R~ynold~ 
number is very low and at  these low Reynolds numbers, the pressure 
Iecovery length forms a considerable part of the total settling length. With 
the origin of turbulence, the pressure recovery length reduces and the 
settling length also correspondingly reduces. After this local drop, the 
settling length increases linearly with Reynolds number in the relaminarisa- 
tion regime and it drastically drops to 30 D for transitional and turbu. 
lent approach flows. 

The settling length variations for @ =0,4, 0.6 and 0.8 are shown in 
Fig. 8. While the trend of X, variation for =: 0.4  is similar to that for 
p = 0.2, for 8 = 0.6 the critical Reynolds number influence is not appa 
rent while for f i  = 0.8, X, increases sharply at about the critical Reynolds 
number. These apparent discrepancies are explained when the relative 
magnitude of critical Reynolds numbers are considered. For low values 
of j3 such as 0.2 and 0 -4, R, is low and at these low values of Reynolds 
numbers any turbulence that originates decays quickly and hence flow settles 
in a short distance downstream of the pressure recovery region. The 
local peak in X, corresponds to the local peak in X,. For high @ ratios 
such as 0.8, R, 1s in the range of 1500 and once turbulence originates a 
considerable distance is required for its decay in view of smaller viscous 
forces at these moderate Reynolds numbers. The discontinuity in X, curve 
at about R, for B = 0.8 (Fig. 8) indicates that the process of relaminarisation 
is much slower than pure laminar Aow development. Velocity profile 
observations for Reynolds numbers below and above the critical value sub- 
stantiate this conclusion. For a moderate value of 13 such as 0.6, there is 
no apparent effect of critical Reynolds number on X, variation. 

The experimental results show that in the range of relaminarisation, 
the settling length increases linearly with Reynolds number and the corres- 
ponding curves in Figs. 7 and 8 are least square fits. An equation 

is found to give a fairly good fit to the data for all the nozzles. Studies [5[ 
showed that eq. (7) can be used for determining the settling length down- 
stream of concentric, eccentric and quadrant-edged orifices also. 

Figure 9 gives the pressure profiles in the region of pressure recovery 
and just downstream for 13 = 0.2 for a number of Reynolds numbers; 
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R 

4 

FIG. 8. Variation of settling length. 

Arefers to pressure tap location at 0.5 D downstream of the nozzle. The 
downstream shift of the end of the pressure recovery region with Rey- 
nolds number for R < R, is clearly seen with recovery extending upto 20 D 
at R = 75. The pressure peak shifts back to 14 D at R = 120 and it is 
located at about 5 D for R = 1670. 

Based on pressure and velocity profile observations, the energy varia- 
tions along the length were studied. The excess energy loss in the flow 
developing region downstream of the pressure lecovely region was obtained 
for different Reynolds numbers. The results show that the excess loss down- 
stream of the pressure lecovery region is negligibly small for R < Rc. In 



the rel.aminaiisation regime between R, and 2000, the excess energy loss 
coefficient in the developing region was found to vary betwccn 0.2 and 
0 - 3  being highcr for higher Reynolds numbers. While this loss is insigni- 
ficant in relation to the total loss for /3 = 0.2, for a high j3 ratio such as 
0.8, it fo~ms about 25 per cent of the total excess loss. The excess loss 
coefficient in the developing region drops for turbulent flow to a value of 
about 0.05. 

The development of velocity distribution at three Rcynolds numbers 
are shown in Fig. 10 for the nozzle with ,8 = 0 .4 ;  r is the radial coordinate. 
The data for R = 620 and 1520 are in the relamharisation regime while the 
data for R - 41% is in the turbulent flow regime. For R = 620, the velo- 
city pxofile i s  practically identical to the parabolic profile at 40 D down- 
stream. At R = 1520, the profile is nearly parabolic at 100 0. This 
trend is in agreement with the now well established fact that rela~linarisation 
is achieved over a longer distance at increasing Reynolds numbers. How- 
ever, as rurbulence observations were not made, detailed analysis of r e 1 6  
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R = 4150 

0 

--- PARABOLIC PROFILE 
0.8 

FIG. 10. Development of velocity profiles, 8 - 0.404. 

narisation was not attempted. For turbulent approach flow (a = 4150) 
there is only a small change in the velocity profile, the profile in the early 
reaches of the development region being slightty more uniform than the 
fully developed profile. The nondimensional centreline velocity changes 
from 1.20 to 1.29 within 30 D. Observations showed that for similar 
nature of flow, whether relaminarising or turbulent, the nature of flow develop- 
ment was similar for all @ ratios. 

The va,iations with Reynolds number of coefficient of discharge, loss 
codficient, loss as a percentage of the pressure drop across the meter and 

length are studied for long sadius flow nozzles with j = 0.2, 0-4, 



0 .6  and 0 - 8. The critical Reynolds number at which turbulence originates 
downstream of the nozzle is determined and the influence of the different 
flow regimes is discussed. The developments of pressure and velocjty 
fields downstream of the nozzles are also studied. 

[ I ]  A.S.M.E. . . Power rest codes supplement, Instruments and Apparatus. 
Chapter 4. Flow measurement, Part 5-Measurement of 
quantity of materials, ASME, 1959. 

[2] Bedn, H. S .  . . Research on tlow nozzles. Mechanical En~ineering, ASME, 
1937, p. 500. 

[3] Bean, H. S. and Beitler, ... Some results from research on flow noz~les .  Trans. ASJWE, 
S. R. 1938, p. 235. 

[4] Sean, H. S., Beitler, . . Discharge coefficients of long radius flow nozzles when 
S. R. and Spreitkle, R.E. used with pipe wall pressure taps. Trans. ASME, 1941, 

p. 439. 

[5] Alvi,S. H. . . Flow characteristics of sharp-edged olifices. q u x ! ~ u t  edged 
orifices and nozzles. 1975, Ph.D. Thesis, Indian Institute of 
Scierce. 

[6] Macagno, E. 0. and . . Con~,~utntional and experimental study of a captive annular 
Hung, T. K. eddy. J. of Fluid Mechanics, 1967, 28, 43-64. 

171 Johansen, F. C. .. Flow through pipe orifices at  low Reyrolds numbers. Prac. 
Rorrrl Socizt? (London), Ser. A ,  1930, 126, 231-245. 

181 Mdcmiilan,F. A. . . V.scous effects on pitot tubes at  low speeds, J.  of Royal 
.lerona~itieal Society. 1954, 58, 570-572. 


