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ABSTRACT

Critical flow Venturi nozzles (toroidal, cylindrical, convergent—divergent, or
C-D) nozzles) have discharge coefficients predicted through numerical and
experimental investigations. Unfortunately, the imprecision of the critical-flow
Venturi nozzle design makes it impossible to study the influence of inlet
curvature R on the discharge coefficient in the laminar boundary layer area.
This study examines how the inlet curvature affects the discharge coefficient, or
Cq, in the laminar boundary layer area of a critical-flow Venturi nozzle with a
cylindrical throat and toroidal shape. The inlet curvature has a range from one
throat diameter to three and a half throat diameters. This range of inlet curvatures
was obtained by throat the inlet of a high-precision nozzle that was primarily
compliant with ISO 9300. The C-D nozzle showed the impact of the
convergence angle on the discharge coefficient. The results showed that the
highest discharge coefficient occurs at Rc= 2dw for a throat diameter of 0.5588
mm, whereas for dwn= 3.175 mm, it occurs at Rc= 2.5ds for toroidal nozzle. For
this C-D nozzle, the highest discharge coefficient was observed to occur at a
curvature of angle of 10°. Moreover, Cq increases significantly with increase of
inlet stagnation pressure but with a small throat diameter.
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1. INTRODUCTION

Due to its structural simplicity and high precision, the
sonic nozzle (SN), which is considered the major meter in
gas flow standard facilities, has been widely used for
measuring the flow rate quantity value, especially in the
natural gas industry. SN is a venture tube with a
convergent-divergent longitudinal section, and the
smallest cross section is called “throat.” When the
backpressure ratio (ratio of outlet to inlet pressures) is less
than a certain value (called the “Critical Back Pressure
Ratio” the flow speed at the throat reaches the local speed
of sound. As the pressure drop between the inlet and throat
(or constriction) of the nozzle increased, the flow rate
increased until the sonic velocity was attained at the throat.
At this point, the nozzle is "chocked", and the flow rate
increases with the upstream pressure increment (eq. (1)).
When the flow is choked the flow becomes insensitive to
the downstream conditions. Any further decrease in the
back-pressure ratio will no longer affect the flow speed at
the throat, and the ideal mass flow rate can be calculated
based on thermal dynamics theory. However, the real mass
flow rate gmr is always slightly smaller than the ideal mass
flow rate gmi. In this case, the flow rate is then influenced

by the geometry of the nozzle, the properties of the gas,
upstream pressure and temperature. In ideal conditions,
the parameters Cq, 7, Per take the values 1, 1.4, and 0.528
respectively. Since the flow is viscous and non-one-
dimensional, the ideal and the actual mass flow rates are
not the same and the difference can be calculated by egs.
(2), and (3). This deviation is expressed by the so-called:
“discharge coefficient” Hall (1962), Stratford (1964),
Kliegel, and Levine (1969), Tang (1969), Ishibashi
(1999).

Gmr = Ca C* An Po JRL_TO (1)
mi = C* AtPo \/R;_TO (2)
Cq = Zim: (3)

Since 2011, Li and Johnson (2011), Li et al. (2010)
have used a bilateral comparison between NIM (National
institute of metrology of China) and NIST (National
Institute of Standard and technology) to examine the
impact of throat diameter and curvature radius (Rc) on the
flow characteristics of nozzles with nominal throat
diameters of 10 mm and 20 mm. The discharge coefficient
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of sonic nozzles was examined by Ishibashi (2015) in
relation to the intake curvature, inlet diameter, and diffuser
length. After examining nozzles with throat diameters of
13.4 mm and 18.9 mm, they discovered that there were no
appreciable variations in Cgexpand Cqn for Rc > 1.5dw and
inlet diameter larger than roughly 2.5d. However, when
the inlet curvature was smaller than approximately 1.5d,
the discharge coefficient could not be estimated
quantitatively, matching the 1SO 9300 discharge
coefficient by correcting the nozzle throat diameter Nakao
et al. (2021). A technique was suggested to adjust the
throat diameter such that the experimentally-determined
discharge coefficient agrees with the 1SO 9300 discharge
coefficient. Thus, it can be concluded that an inaccurate
throat diameter is a contributing factor to the discharge
coefficient scatter. In fact, the scatter of the discharge
coefficient can be considerably decreased by accurately
correcting the throat diameter Ishibashi (2018).
Investigated the laminar- turbulent boundary layer (BL)
transition in toroidal-typed nozzles using linear stability
analysis. They demonstrated that although the BL
remained steady, the nozzle throat region was likely to
experience a brief increase in energy, manifested by
streamwise streaks Zebrowski et al. (2022). Using
(RANS) turbulence models, they also studied numerically
the transitional range effects of the boundary layer for
toroidal-shaped nozzles with varying nozzle throat
diameters. Their findings are in good agreement with the
established correlation curves for toroidal nozzles
Ishibashi (2015). However, they noted a diameter
dependence on the transition onset and predicted a
transitional range at higher Reynolds numbers Unsal et al.
(2016), Weiss et al. (2024). The impact of the wall
roughness on the BL transition in toroidal CFVNs was
studied through numerical simulations utilizing the
transitional-turbulence model. The discharge coefficient
decreased more strongly at higher relative roughness
values, and the transition occurred earlier (at lower R
values) (Wang et al., 2019). In 2018, an investigation
carried out into the mechanism influencing the throat
diameter effects on the boundary layer flow characteristics
of a sonic nozzle found that the throat diameter affected
both Cq and Re (Li et al., 2018; Cao et al., 2023). Over the
last two years, it has been discovered that the surface
roughness has a greater influence on the turbulent
boundary layer than on the laminar boundary layer. As a
result, it has been suggested that dimensionless relative
roughness should be considered instead of absolute
roughness values (Wang et al., 2014; Ding et al., 2015;
Ding et al., 2016). Carried out an investigation to assess
the impact of throat shaping on the internal efficiency of
the nozzles. They examined five non-symmetrical
converging-diverging nozzles in the Langley 16-foot
transonic tunnel stationary test facility and collected
internal performance data at various nozzle pressure
ratios, reaching a maximum of 9.0 by Mason (1980).
Delved into the realm of sonic nozzles used in gas flow-
rate assessments. They discovered that the critical
pressure ratio (CPR) was significantly influenced by the
Reynolds number rather than the area ratio, particularly in
scenarios with low flow speeds. Moreover, they noticed
that the discharge coefficients for sonic nozzles fluctuate
based on the flow geometry and Reynolds number, as they

reported and showed an increase in the discharge
coefficient (Cgy) as the mass flow rate escalates (Park et al.,
2001; Spotts et al., 2013). Avoiding a normal shock is
largely dependent on the effect of the divergence angle on
the mass flow rate across the sonic nozzles. When the
divergence angle decreased and the throat diameter
increased, the normal shocks traveled toward the nozzle
outlet (Shaalan et al., 2018: Kassem et al., 2023).

The present study focuses on the effect of different
inlet curvature radii on the discharge coefficient and
velocity distributions of sonic nozzles. The discharge
coefficient Cq and geometric dimensions (dwn and R¢) of
two sonic nozzles with throat diameters of 0.5588 and
3.175 mm were investigated at the National Institute of
Standards. Different inlet geometries (sharp-edged for the
C-D sonic nozzle) and rounded for the toroidal and
cylindrical nozzles) can significantly influence the flow
behavior in the converging section. This can affect the
construction of boundary layers, development of flow
acceleration, location of the normal shock occurrence, and
total pressure drop across the nozzle. In addition, the
performance was improved by minimizing the pressure
loss. By comparing the changed geometries, designs that
minimize pressure losses, maximize flow proficiency, and
improve accuracy can be developed. In applications
where, accurate flow measurements are critical (e.g.,
calibration standards), optimizing the geometry can
improve the accuracy and repeatability of the nozzle. The
implication of this study is that sonic nozzles play a critical
role as secondary standards for the calibration of fluid-
flow instruments. To maintain the impartiality of these
calibrations, ensuring the highest possible sonic nozzle
accuracy is of maximal importance. Sonic nozzles are
frequently used as links in the traceability chain of
national standards to preserve the traceability of the
measurements. The integrity of this chain depends on the
precise sonic nozzles, which guarantee that the flow
measurements made in various laboratories and
enterprises are comparable and consistent. Consequently,
it is necessary to increase their accuracy and consider all
the factors that influence their performance.

2. EXPERIMENTAL WORK

Three nozzles with different structures (toroidal,
cylindrical, and C-D nozzles) were used in the simulation
work. While toroidal nozzle was used in experimental
work, the specification of test nozzle experimentally as
shown in Table (1). Throat diameters of 0.5588 and 3.175
mm were investigating, as shown in Fig. (1), and (2). The
steps of the present study are shown in the flowchart in
Fig. (3). The nozzles were tested using a standard gas flow
meter (piston prover) at a low flow rate of up to 30 I/min
in NIS, Egypt, as shown in Fig. (4).

A device with an expanded uncertainty of 0.18% (k =
2) was used to calibrate the discharge coefficient of the
sonic nozzle of throat diameter of 0.5588 mm at flow rates
ranging from 4.13 to 12.12 I/min with stagnation pressures
of 156.2 kPa, 450.09 kPa, respectively. The high flow rate
was calibrated wusing a primary standard (Bell
prover). This bell prover rig utilizes dry compressed air to
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Table 1 Design and specification of test nozzles

Parameters Values
Nozzle type Toroidal Cylindrical C-D
Throat diameter (dwn) 0.5588, and 3.175mm | 0.5588, and 3.175 mm 0.5588, and 3.175 mm

Convergent section at angles (4,

Inlet curvature radii (Rc) 1,15,2,25,3, 3.50n 1,15,2,25,3,35dn | 5,6,7,8,9, 10,12, 14, 16, 18, 20,

22, 24, 26, 28, and 30°

Divergence angle (6,) 4° 4° 40
Divergence length (Ly) 7 din 7 din 7 din
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Fig. 1 Schematic diagram for different sonic nozzle designs
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Fig. 2 Shape of toroidal sonic nozzle
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(0.5588, 3.175mm)
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range R~=1to 3.5 du, range from 4 to 300
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Fig. 3 Flow chart of present study
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Fig. 4 Test rig for calibration of sonic nozzle
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calibrate the discharge coefficients of a sonic nozzle of
throat diameter of 3.175 mm, covering a flow rate ranging
from 129.75 to 405.50 I/min, and stagnation pressures
ranging from 145.26 MPa to 450.09 MPa. The expanded
uncertainty of the apparatus is 0.23% (k = 2). In addition, a
fully-developed flow was created upstream of the nozzle to
measure the repeatability, which was better than that of the
simulation model.

3. COMPUTATIONAL WORK

Since the nozzle longitudinal section was axisymmetric
and using simple, toroidal, cylindrical, and C-D nozzle two-
dimensional model, only half of the model longitudinal
section was considered and the CFD mesh number thus
decreased significantly. The number of grid elements is
important in the computational analysis to ensure accuracy
of the computed field variables. A fine grid requires
excessive amounts of computational power and time to
obtain a solution, whereas a coarse grid entails numerical
errors and convergence problems. To test the independence
of computational results on the grid number of cells, an
unstructured mesh grid was generated in the specified
computational domain using “CFD — Geometry” software.
A variety of grid sizes were used, ranging from 4,791 to
17,722 nodes. The grid-sensitivity analysis was analyzed
mainly to obtain grid-independent velocity along the wind
tunnel at the axis of symmetry.

Figure (5) Shows the variation of the velocity
distribution with computational grid size. The effect of grid
size on the computed results diminishes for the grids of
13,308 nodes and more.

The three sonic nozzles had throat diameters of 0.5588
mm and 3.175 mm, an inlet curvature radius of 2dth, and a
diffuser angle of 4° for the toroidal nozzle. The total number
of mesh nodes was 13,308 with 12,923 elements. The
governing egs. (4) and (5) were solved using ANSYS
Fluent software (R16). A density-based solver with an
implicit formula suitable for high-speed compressible flows
was adopted for the calculations, and was steady. Steady-
state simulations are used in this study. Compared with
transient simulations, steady-state simulations often use
fewer input parameters and simpler mathematical models.
This reduces the possibility of mistakes and streamlines the
simulation setup. Furthermore, a steady-state simulation
can supply the required data without simulating the full
temporal development by concentrating on the end state,
which is the primary interest in the system's final
equilibrium state. The fluid was assumed to be an ideal gas,
the operation pressure was zero, the inlet pressure ranged
from 0.14 to 0.45 MPa, and the inlet stagnation temperature
was fixed at 300 K. The back-pressure ratio was equal to or
less than 0.69 to ensure that the throat flow could reach
critical conditions to reliably compare the results with
experimental data. The boundary conditions at the inlet and
outlet of the sonic nozzle are presented in Table 2. The
continuity and momentum conservation formulae are as
follows Fluent Inc (2006).

2 +V.(pU) =0 (@)
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Fig. 5 Grid-independence solution for
cylindrical nozzle of throat diameter 0.5588 mm
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For k—w SST model, the turbulence kinetic energy k and
the specific dissipation rate w, which are modeled as:

[(H + :_li) ;TI;] +G.— Y (6)

a
5. (PU) +V.(pU.U) = =VP +V.(2) + SM

0

d d _
E(Pk) + a—(Pkui) = o

Xi

ow

9 =2 Be) Ow —
at + dx; (pwuy) = 0x; [(H + O’W) ax,-] + Gy =Y+ Dy (7)

where, pand p represent the gas density and kinetic
viscosity. G, and G,, are the generation of k and w due to
mean velocity gradients. Y, and Y, represent the
dissipations of k and w due to turbulence. D,, is a cross-
diffusion term.

4. RESULTS AND DISCUSSION

Validation between the experimental and numerical results
for different throat diameters as shown in Fig. (6). The
results indicate a maximum relative error of 0.41 %, which
decreased with increase of upstream pressure to 0.13%. In
addition, the discharge coefficient increases as throat
diameter increases from 0.55588 to 3.175 mm with the
same inlet operating condition (upstream pressure and
temperature). Furthermore, owing to the substantial
increase in the flow velocity, Cd increased as the inlet
stagnation pressure increased. An increased velocity and
less viscous effects may result in a thinner boundary layer.
The uncertainty of experimental data between 0.1 t0 0.23 %
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Table 2 CFD model and boundary conditions

Condition Type Value
Time Steady
Turbulence model RNG (k-w)

Pressure inlet: 156410.3 Pa

Inlet Pressure inlet
Temperature: 299.308 K
Pressure: 101473.7 Pa
Outlet Pressure outlet
Temperature: 299.308 K
Wall Wall Adiabatic
Solution method Implicit
Initialization methods Hybrid
Convergence residuals 10®
Maximum number of iterations 20,000

Table (3) Uncertainty budget of measurement at dw = 0.5588 mm and upstream pressure 450 kPa

Components Distribution Sensitivity coefficient Divisor Stanc_jard
uncertainty (u)
Repeatability (%) Normal 1 1 0.006
Reference flow meter (piston Normal 1 1 011
prover) (%)
Resolution (%) Rectangular 1 V3 0.005
Drift (%) Normal 1 1 0.03
. . 2 2 2
Combined uncertainty (u.) % \/(uRep_) + (uRef_) + (Uges )% + (udn.ft) =0.11428
Expanded uncertainty (U) % k xXu,=0.228
0.960 0.990
0.955 + ¢ Cd ( Experimental) 0.985 - Cd ( Experimental)
E Cd ( Simulation) Cd ( Simulation)
0.950 I 0.980 A -
E T [ ! )
0.945 + $ ¢ 0.975 + °1 1 T 1 1
o F - b 1 J.
0940 § 3 ¢ _oe0fd T
é’ 0.935 5 ¢ 3 0.965 A
0.930 13 0.960 A
0.925 + 0.955 A
0920 § 0.950 -
0915 £ 0.945 -
0.910 :lll||| 0940 s o e s
150 200 250 300 350 400 450 500 150 200 250 300 350 400 450 500

for throat diameter 0.5588 mm at confidence level (k=
While at throat dimeter 3.175mm the expanded
uncertainty Ranging from 0.1 to 0.32%. Details of the
evaluation of the expanded uncertainty of the sonic nozzle
when calibrated using a piston prover are presented in Table
3. It should be noted that the experimental result was higher

95%).

Upstream pressure (kPa)

(@) din=0.5588 mm

Upstream pressure (kPa)

(b) dwn=3.175mm

Fig. 6 Comparison between experimental and numerical work for different throat diameters
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than the simulation result, as shown in Fig. (6a).
Uncontrolled climatic elements, such as humidity and
temperature, blame this. Furthermore, there is always some
degree of error in experimental measurements because they
are not flawless. These mistakes may have resulted in
an overestimation of the experimental findings. In addition,
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Fig. 7 Effects of convergence section angle on discharge coefficient for different stagnation pressures
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Fig. 8 Effects of inlet radius of curvature of toroidal nozzle for different throat diameters

errors due to human error occurred when the results were
taken.

The effects of the converging part angles on Cy at
different stagnation pressures are shown in Fig. (7). With
the same upstream pressure of 156 kPa and an increase in
the angle of convergence, Cq increased to reach an optimal
angle of 10°. Subsequently, Cq began to decrease as the
angle of convergence increased. Due to, when the
convergence angle is too large (above 10°), shockwaves can
form within the diverging section of the nozzle. These
shock waves caused a sudden increase in the static pressure
and a decrease in the flow velocity. This disrupts the smooth
and supersonic expansion of the flow and reduces the
overall nozzle efficiency. In addition, flow separation the
presence of shock waves induces flow separation from the
nozzle walls. This separation creates regions of
recirculating flow and turbulence, which increase flow
resistance. In addition, Cq increased significantly with an

1675

increase in the upstream pressure with a small throat
diameter due to the increase in the Reynolds number at the
throat, which thins the boundary layer. For large throat
diameters, Cq increases slightly.

The effects of the inlet radius of curvature of the toroidal
nozzle at different throat diameters are shown in Fig. (8)
For a throat diameter of 0.5588 mm, the discharge
coefficient increases with an increase in the inlet radius of
curvature until R = 2dwn and then decreases gradually with
Rc. This is because a sharper inlet curvature can result in an
adverse pressure gradient near the nozzle entrance. In
addition, the separated flow increased the resistance to flow
and reduced the available flow area for the fluid to pass
through. In addition, an adverse pressure gradient can cause
the flow to separate from the nozzle wall. Consequently, the
actual mass flow rate was reduced. For large throat
diameters, the discharge coefficient increases slightly
when R reaches a constant value at 3di. This is due to the
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Fig. 9 Effects of radius of curvature of cylindrical nozzle inlet with different throat diameters

1.6E+05 t
1.4E+05
1.2E+05

1.0E+05

8.0E+04 Re= 1dth

Rc= 2dth
Rc= 3.5dth

Pressure (Pa)

6.0E+04

4.0E+04

2.0E+04

0.0E+00 Hmimimt i

0 001 002 003 004 005 0.06

X (mm)

1.6E+05

14E+05 §
12E+05 +
10E+05 {
8.0E+04 { [ oo
6.0E+04 { |
4.0E+04 § V/
2.0E+04

0.0E+00 +—— ; ; -
0.017 0.019 0.021 0.023

X (mm)

Pressure (Pa)

Fig. 10 Pressure distributions along toroidal sonic nozzle with different inlet curvature radius at diw=3.175 mm

reduction in the boundary layer growth, and smoother flow
acceleration, ultimately resulting in an increase in the
discharge coefficient. A cylindrical nozzle is similar to a
toroidal nozzle, but flows separately early when the radius
of curvature exceeds 1.5. This is due to the formation of a
thicker boundary layer compared to that of the toroidal
nozzle. For a small throat diameter of 0.5588 mm, the
discharge coefficient increased gradually with an increase
in the radius of curvature until Rc= 1.5dw. Then, decreases
once again as shown in Fig. (9.a). For a high throat diameter
of 3.175 mm, the discharge coefficient increases gradually
with R¢ significantly from Rc= 1 to 2.5d, then the discharge
coefficient increase with R is very small or nearly constant
when R¢ is greater than 2.5dw as shown in Fig. (9. b).

The pressure distributions along the toroidal and
cylindrical sonic nozzles (axisymmetric) with different inlet
curvature radii at a throat diameter of 3.175 mm are shown
in Fig. (10, 11). When R increased, the flow velocity
increased and the pressure decreased at the entrance

section; the effect of the inlet curvature radius was small at
the inlet nozzle. The difference in Rc does not affect the
pressure at the throat and divergence sections. This is due
to the flow at the axisymmetric considered inviscid flow,
and the flow is more aligned with the centerline from the
start, reducing the influence of the inlet curvature on the
pressure distribution along the centerline. For the C-D
nozzle, the effect of the convergence angle on the location
of the normal shock wave is significant, as shown in Fig.
(11) for nozzle-throat diameters of 0.5588 and 3.175 mm,
respectively. With a decrease in the convergence angle, the
shockwave moves in the outlet direction. This is because
the change in area was more gradual. This gentle change
reduced the strength of the pressure waves generated due to
the changing geometry. In addition, with a smaller
convergence angle, the flow entering the diverging section
is more uniform and exhibits fewer pressure disturbances.

Figure (13) depicts the velocity distributions across the
throat diameter for convergence angles ranging from 8° to
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Fig. 14 Velocity distributions across throat diameter for different radii of curvature inlet for toroidal
nozzle

26°. These results show that the velocity increases with a
decreasing convergence angle. This may be due to the
resulting decrease in cross-sectional area. Moreover, the
flow becomes more uniform with a convergence angle of 8°
compared with higher angles, especially at an angle of 26 °.
As the throat diameter was increased to 3.175 mm, the
boundary layer thickness decreased, and consequently, the
velocity increased, as shown in Fig. (14). For a toroidal
sonic nozzle, if the inlet curvature is large, the effects on the
velocity distributions are significant. When R increased,
the velocity increased for a small throat diameter, as shown
in Fig. (14a). However, for a large throat diameter, the
effect of R¢ on the velocity distribution was not significant,
as indicated in Fig. (14b). Because the flow reaches a fully
developed flow. As the flow progresses downstream, it
transitions from developing flow to fully developed flow.
In a fully developed flow, the velocity profile remains
constant and the effects of the inlet conditions diminish.
This leads to the stabilization of the flow characteristics
and, consequently, Cq.
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This finding suggests that for larger throat diameters,
the designer has more flexibility in choosing the inlet
curvature without significantly affecting the wvelocity
distribution at the throat. This can simplify the design
process and reduce manufacturing costs. Also, may be less
sensitive to small variations in inlet curvature during
manufacturing, which can be beneficial for achieving
consistent performance.

Figures (15) and (16) illustrate the velocity distributions
across the throat diameter section for cylindrical nozzles
with different R¢ values. The throat was divided into three
regions (starting, mid, and end regions). The velocity
distributions appear to be affected by the change in R¢ in the
starting region, whereas in the mid- and end-regions, the
distributions appear unaffected by a change in Rc.The
velocity contours along the sonic nozzle longitudinal
section with a throat diameter of 3.175 mm and inlet
stagnation pressures of 145 kPa and 270 kPa are shown in
Fig. (17). The initial stage of the inlet nozzle velocity flow
is minimal. The Mach number (Ma) increases gradually,
starting from the convergence section along the nozzle to



F. A. Kassem et al. / JAFM, Vol. 18, No. 7, pp. 1669-1682, 2025.

350
300
250
E 200
2
8 150 Rc=1 dth
g Rc=2 dth
50
O LN L S B L B B B H B B B B L B L R
0.0E+00 8.0E-05 1.6E-04 2.4E-04 3.2E-04
Y(m)

b. at the mid throat

350
300
250 =
z
£ 200
>
8 150 Rc=1 dth
< Rc=2 dth
100 Rc= 3 dth
50
0 T T T T T T T T T T T T T T T T T T T
0.0E+00 8.0E-05 1.6E-04 2.4E-04 3.2E-04
Y(m)
a. atthe start throat
350 T
300
250
@
£ 200
>
8 150
(5]
>
100
50
O T T T T T T T T T T

Rc=1 dth
Rc= 2 dth
Rc= 3 dth

0.0E+00 8.0E-05 1.6E-04 24E-04 3.2E-04

Y(m)

c. atthe end throat

Fig. 15 Velocity distributions across throat diameter for different inlet radii of curvature of
cylindrical nozzle and dw =0.5588 mm

reach the acoustic speed at the throat (Ma =1). This process
is referred to as flow-choking. Moreover, the Mach number
increases along the sonic nozzle at a convergence angle of
8° compared to 26°, as shown in Fig. (17.a). Subsequently,
it continued to increase until it reached a speed above the
speed of sound, with a normal shock wave occurring in the
divergent section (see Fig. (17.b)). The maximum Mach
number reached speed is 2.3 (supersonic speed), followed
by a decrease to subsonic speed after the normal shock. In
addition, a vortex is formed close to the nozzle wall
immediately after the shock due to the flow separation that
occurs close to the nozzle outlet.

5. CONCLUSION

The aim of this study was to obtain the highest discharge
coefficient to improve the measurement accuracy. The
novelty of this study is the direct influence of the inlet
curvature diameter on Cq, flow uniformity, and thickness of
the boundary layer within the R; range of 1 to 3.5 di. Six
values of the design Rc were used for the toroidal and

cylindrical nozzles. In addition, the effect of the
convergence angle for the C-D nozzle in the range of 4-30°
was examined. The simulation was validated
experimentally for a toroidal nozzle with Rc= 2 di at the
National Institute of Standards. It is generally concluded
that R¢ plays an important role in enhancing the Cq levels.
From the obtained results, the following conclusions can be
drawn:

1. The highest discharge coefficient was achieved at a
convergence angle of 10° for throat diameters of
0.5588 mm and 3.175 -mm throat diameters.

2. For small throat diameters, the discharge coefficient
increases significantly with the inlet stagnation
pressure. Due to the flow velocity increased
significantly. This can lead to a thinner boundary layer
due to increased momentum and reduced viscous
effects.

3. For the toroidal nozzle, the highest discharge coefficient
occurs at Rc= 2di, with a throat diameter of 0.5588 mm,
whereas for din=3.175 mm, R¢= 3din.
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Fig. 16 Velocity distributions across throat diameter for different inlet radii of curvature of cylindrical
nozzle with di = 3.175 mm
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For the cylindrical nozzle, the highest discharge
coefficient was observed at Rc= 1.5 dy at a throat
diameter of 0.5588 mm, whereas dy=3.175 mm at R.=
3dih.

5. The flow is more uniform with larger throat diameters
than with smaller throat diameters. This is due to,
reduced boundary layer effects.

6. For the cylindrical nozzle, the velocity gradually
increased along the throat region from the beginning to
the end of the throat.

7. The cylindrical nozzle reached a normal chock at the
end of the throat region due to the effect of the
boundary layer on the flow velocity.
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