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Abstract
The influence of the shape upstream of a throat of critical flow Venturi nozzles on the discharge coefficient in general and the transition of the character of boundary layer from laminar to turbulent in particular has been studied experimentally as well as numerically. Several nozzles of various throat diameters with intake radius of curvature of 2 D and 1 D (D being the throat diameter) have been investigated experimentally by the High Pressure Piston Prover of the Physikalisch-Technische Bundesanstalt (PTB) located in Dorsten, Germany, at pressures up to 50 bar, resulting in Reynolds numbers larger than 2·106 . Two of the nozzles consisted of two parts divided axially to allow the visualization of the flow transition. Subsequently, the nozzle geometry was measured at the PTB and calibrated using low pressure air.  In parallel effort, the flow field in the nozzles was simulated using different boundary layer treatment. The effect of the nozzle geometry on the transitional behaviour was discussed.
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1. Introduction
The flow fields in two toroidal Venturi nozzles operating at critical conditions have been investigated using numerical flow simulation. The present study focused on the transitional effects in the boundary layer, occurring at Reynolds numbers of approximately one million and above, while concentrating on modified nozzle shapes as investigated experimentally by Ishibashi and Funaki [1]. In that publication, several modifications of the standard critical flow Venturi nozzles (CFVN) according to the ISO 9300 standard have been introduced. Depending on the shape of the nozzles, the discharge coefficient as a function of the nozzle Reynolds number diplayed behavior that was widely varying and, in contrast to the standard nozzle, not following the expected transitional dependency. Consequently, in [1], a consistant terminology has been introduced, see Fig. 1. In Fig. 1, D denotes the diameter  of the nozzle at the throat.

Figure1: CD coefficient as a function of the Re-number with the three characteristic, curves: a) laminar, n) extended turbulent and s) transitional, from [1]
 
However, even in view of the detailed experimental work, the apparent change in the transitional behavior could not be explained, as only global results (CD vs. Re-number) were available. The present authors observed that the transitional curve (connection between the laminar and turbulent parts of the diagramm) greatly differred depending on the nozzle shape, size and surface roughness. A generalized procedure for determining a mathematical expression for the shape of the curve describing the dependency of the discharge coefficient on the Reynolds number has been introduced by Mickan, Kramer and Dopheide in [2].

It was therefore decided to carry out an investigation of two of the modified shape nozzles from [1] and to compare these with the standard ISO 9300 nozzles that were studied previously. The primary effort was the experimental investigation at high Reynolds numbers using natural gas as flow medium, followed by flow field analysis based on numerical flow simulations. After the flow field with the corresponding conservative flow variables was obtained, the bypass transition of the boundary layer from laminar to turbulent could be predicted by applying the Abu Ghannam-Shaw (AGS) criterium [3]. The details of the application of this transition model have been outlined by von Lavante et al [4].

The outflow pressure ratio pout/P0 was selected such that the so called premature unchoking would be avoided as much as possible to eliminate the additional effect of unsteady shocks moving upstream through the throat causing a reduction in the discharge coefficient cd. Details can be obtained from, for example, von Lavante et al [5].

2. Experimental Work

In order to obtain high Reynolds numbers in access of 5·106 , it was decided to carry out experimental work at the pigsar facility in Dorsten, Germany. At pigsar, PTB operates the German primary standard for natural gas under high pressure, shown in Figure 2 (high pressure piston prover HPPP).

Figure 2: CFVNs in two banks at pigsar.

The operation range of the HPPP is in volume flow rate from 3 m3/h to 480 m3/h and in pressure from 0.8 MPa to 5.6 MPa. The relative expanded uncertainty for calibrations of critical nozzles is 0.074 % including the determination of C* and Mmol .

The experiments were performed with standard ISO 9300 CFVNs of throat diameters between 2 mm and 25.2 mm, and with two special non-standard nozzles resembling those in [1] having nominally D = 7 mm.

The special nozzles were manufactured with an intake radius of curvature of Rc = 2D and Rc = 1D. 

Figure 3: Shape of the non-standard nozzles.

There were two versions of each, resulting in 4 nozzles all together, all made out of special aluminum alloy. Two were manufactured the usual way out of one piece,  and two were cut in half, as shown in Figure 3, making the application of flat black paint and shear sensitive crystals possible. The purpose was an attempted flow visualisierung inside the nozzle.

From the data obtained at the pigsar facility, the begining and the end of the transition in terms of the corresponding Reynolds number based on the throat diameter D were deduced. The result can be seen in Figure 4.


Figure 4: Beginning and end of transition in terms of  Reynolds No. With kind permission from CMS.

In Figure 4, several types of CFVNs are displayed. The standard nozzle shapes are shown as red triangles with red inside. The data for this type of CFVNs were obtained by the CMS and are included with their kind permission. They include throat diameters between 2.0 mm and 25.2 mm. Their begining of the transition is marked by a red line, the end by the blue line. They all have a radius of curvature in the intake of Rc = 2D, and an intake diameter of 2.5 D. A cylindrical nozzle according to the ISO 9300 standard is marked bright green. Finally, the special nozzles described above, with smooth intake of 3 D, and a radius of curvature Rc = 1D and 2D, and nominal throat diameter of 7 mm are marked as bright red and bright red with green edge.

The first conclusion is that the larger the diameter of the intake, the later will be the begining of the transion. However, one should bear in mind that the special nozzles are smooth, whereas the standard nozzles have an edge in the intake, as defined by the standard. This possibly creates a disturbance accelerating the transitional process. In the case of the small nozzles (D = 2 mm), the transition starts at approximately Re=5·105; at larger diameters, the begining of the transition converges to Re=106. The process of transition ends at Re=2·106, when the flow in the throat is fully turbulent.

It seems that in the cylindrical nozzle the transition starts somewhat earlier and ends later, but there is more research necessary to support this conclusion. At any rate, the second author observed that the onset of transition in the cylidrical nozzles was much more consistent than in the toroidal nozzles.

The non-standard nozzles displayed much delayed transition at approximately Re=1.2·106 for Rc=2D and Re=1.4 for Rc=1D and became fully turbulent in the throat at over Re=3.2·106. The present non-standard nozzles (stepped nozzles) , although being well made, displayed small circular imperfections due to polishing. It is possible that the more accurately manufactured nozzles used in by Ishibashi and Funaki [1] started their transition at almost Re=2·106, at the end of the range of Reynolds numbers achieved in their experimental work.

The result of the flow visualization in the two-piece nozzles was disappointing. Although the rating of the shear sensitive  liquid crystals was in the range of shear stresses expected in the present nozzles, the temperatures were not. The LCs require approximately room temperatures, but due to the Joul effect, the temperature in the throat was well below freezing. The LCs were simply washed away, leaving the background flat black paint. Still, the pattern in the black paint allowed conclusions about the flow direction in the intake of the nozzle. Surprisingly, there was a significant swirl in the intake, see Figure 5.


Figure 5: Flow pattern in the intake in flat black paint.

In the future, more experimental work using the LCs is planed implementing proper heating of the working fluid.

Subsequently, the two one-piece special nozzles were calibrated at the PTB, including very accurate measurement of their geometry. The designation LK2d7 means Rc=2D, D=7 mm, with LK1d7 being formed accordingly. The resulting data can be summerized as follows:
LK2d7: Rc = 13.372 mm, ± 0.01 mm
              D = 7.0976 mm, ± 0.001 mm
              annularity 0.003 mm
LK1d7:  Rc = 6.310 mm, ± 0.01 mm
               D = 7.027 mm, ± 0.001 mm
               annularity  0.003 mm
	Designation
	LK2d7
	LK1d7

	Theoret. Rcurv
	Rcurv = 2D
	Rcurv = 1D

	a
	0.99799
	0.99357

	blam
	3.1496
	2.9341

	bturb
	0.026776
	0.023675

	ku
	5
	5

	Retr
	1.2e6
	1.2e6



Table 1: Data for the theoretical deterrmination of CD coefficient as a function of the Reynolds number in  the special nozzles.

The Reynolds number range as achieved at pigsar was between Re = 0.92·106 and Re = 5.5·106. The nozzles were also calibrated at the PTB facility using atmospheric air at Re = 90·103. The resulting summary showing CD = f(Re) is shown in Figure 6.

Figure 6: Discharge coefficient CD as a function of Reynolds number

The LK1d7 nozzle displays significantly lower CD coefficient than the LK2d7 nozzle, and the transitional region is flatter, with hardly any decrease of the CD in this range. The LK2d7 has a much large discharge coefficient and more pronounced “dip” in its value in the transitional region.

The smooth curve connecting the laminar region with the fully turbulent region has been introduced by Mickan et al [2]. The fitting curve has the mathematical form of a blending function:



with


and



The resulting values of all the necessary coefficients can be seen in Table 1. The parameters blam,1 und blam,2 are obtained using the integral method as described in [2].  The geometric contour of the nozzles has been approximated using the measured shape. 

The parameters bturb,1 und bturb,2 are generally obtained from blam,i using following equations:   , equally explained in [8]. 
The above procedure is assuming one-dimensional Mach number distribution, so that it was not possible to compute a1 and a2 accurately. Therefore, as the value of  a1 was too large by 0.05% and the value of a2 by 0.25%, they have been adjusted using the experimental results. 
The resulting curves can be seen in Figure 6 and, in more detail, in Figure 7 below.



Figure 7:  Detailed view of Figure 6.

It is remarkable how well the theoretical curves fit the experimental data. Even at the very low Reynolds number below Re = 104 for air, it falls within the measurement uncertainty. 

3. Numerical Flow Simulations

In view of the above results, it was decided to support the experimental work by corresponding numerical flow field simulations in order to explain some of the phenomena found.

There were two numerical methods that were applied to the present computations, a commercial code adapco Star CCM+ for three-dimensional simulations (the two-dimensional version of the code did not work) and the code ACHIEVE, developed by the first and third authors for axially symmetric laminar and turbulent flows. The later is a highly accurate solver based on a special version of flux difference splitting, with several turbulence models. The complex nonlinear (quadratic) k-ω model as implemented by the authors worked particularly well. Details of the code ACHIEVE have been published by, among others, von Lavante and Yao [6],[7]. The comercial code CCM+, on the other hand, had in its newest version a transitional model in which the intermittency factor γ and the Reynolds number based on the momentum thickness of the boundary layer were solved for used two separate equations. Unfortunately, the results from this model were inconsistant and unreliable.

First, a standard nozzle according to ISO 9300 was investigated and the results compared to the experimental data provided by the PTB. The simulation conditions, identical to the experiment, are displayed in Table 2.

	CFVN ISO9300

	T0 [°C]
	23

	P0 [bar]
	1

	D* [mm]
	5

	Diffusor half angle
	4°



Table 2: Flow conditions and basic geometry of investigated nozzle
The deviation from the steady state mass flow is plotted as a function of the back pressure ratio BPR, defined as pout/P0 , where pout is the outflow pressure and P0 the total pressure.



Figure 8: Deviation of the mass flow from the steady state value as a function of the back pressure ratio.

Compared are the experimental values (black dots) with simulation results using ACHIEVE with linear k-ω turbulence model, quadratic k-ω turbulence model, laminar computation and Star CCM+ computation with the γ-Reθ transition model. All of the models gave correct steady state mass flow and captured reasonably well the character of the functional behaviour of the CD coefficient, but the mass flow in the laminar flow simulation is way too low, and the CCM+ simulation too high. Both k-ω models performed adequatly.

Next, the flow in the two special stepped nozzles was simulated for the range of Reynolds numbers used in the pigsar experiments. In the present numerical investigations, only smooth surfaces were considered, imposing a significant constrain on the simulations.  The Reynolds number was varied by changing the total pressure. The pressure ratio Pout/P0 was changed between 0.837 and 0.279. Again, the details of this simulations can be found in Table 3.

	CFVN LK1d7 & LK2d7

	Inflow Mach number
	0,02

	T0 [°C]
	23,00

	Pexit [bar]
	6,7

	P0 [bar]
	8 - 24

	[bookmark: _GoBack]D* [mm]
	7,00

	Re-Numbers
	9.105- 4.106

	Diffusor Angle
	4°



Table 3: Flow conditions for the two non-standard nozzles

The resulting CD coefficient as a function of the Reynolds number is shown in Figure 9 for the LK1d7 nozzle (reminder: radius of intake curvature Rc=1D) and in Figure 10 for the LK2d7 nozzle. The numerical results are compared with the results from the experimental work at pigsar. 

The results were corrected for the measured real geometric data, as given by the calibration documents from PTB.



Figure 9: Comparison of numerical and experimental results for the CD coefficient as a function of the Reynolds number for the LK1d7 nozzle.

The deviation between the experimental data and the simulation results varies between 0.36 and 0.46 %, which is very good as numerical simulations go. The best results were obtained using the quadratic k-ω turbulence model, with a deviation of almost constant 0.4 %. The laminar case and the linear turbulence model faired somewhat worse, as they do not correctly reproduce the character of the CD curve. They all indicate transition at Reynolds numbers larger than 106 which is surprising in the case of the laminar and linear flow computations. In the case of the LK2d7 nozzle, shown in Figure 10, the results were equally good, with satisfactory agreement with the experimental data.



Figure 10: Comparison of numerical and experimental results for the CD coefficient as a function of the Reynolds number for the LK2d7 nozzle.

Here, excluding the linear k-ω model, the deviation from the experimental data was at most 0.2 %. The reason for the bad performance of the linear turbulence model is not known.

It is interesting to observe the flow field in both nozzles for different Reynolds numbers. Presently, the flow fields as computed by the Star CCM+ code, are shown for Reynolds numbers of Re = 0.92·106 and Re=1.4·106. In the first case, the flow in the throat should be laminar, as there was no apparent transition effecting the CD coefficient. The trasition will occure in the lambda shock downstream of the throat.



Figure 11: Mach number contours for Re = 0.92·106 and pout/P0 = 0.69. Left: LK1d7; Right: LK2d7

The LK1d7 nozzle displays a strong lambda shock that couses massive flow separation. The AGS-criterium predicts at this location a transition, the intermittency factor strangely remains close to zero, failing to indicate transition. In the LK2d7, there is a weak shock in the throat, still causing flow separation; this, however, will not result in transition.



Figure 12: Mach number contours for Re = 1.4·106 and pout/P0 = 0.49. Left: LK1d7; Right: LK2d7

In the case of the higher Mach number, the shocks are stronger and located further downstream. In this case, both methods for prediction of the transition failed.

7. Conclusion

In the present work, investigations were carried out with various critical flow Venturi nozzles at high Reynolds numbers using mostly natural gas as working fluid. First, a series of experiments were performed at the German National High Pressure Natural Gas Standard pigsar, measuring the mass flows and the corresponding CD coefficients at Reynolds numbers between 0.9·106 and 5.5·106. The onset of the transition in the throat from laminar to turbulent boundary layer was strongly dependent on the size and shape of the nozzles. Subsequently, two non-standard nozzles were investigated at the PTB, and the theoretical curves showing CD as a function of the Reynolds number were determined. The corresponding flow fields were finally numerically simulated in the hope to explain some of the phenomena found by the experiments.

The complex quadratic k-ω turbulence model, as implemeted in the code ACHIEVE by the present authors performed well within the scope of numerical approximations, given the simplifying boundary conditions imposed on it.

Both methods for predicting the transition location, the simple bypass transition model by Abu-Ghanam and Shaw [3], and the much more involved intermittency γ - momentum loss thickness Reynolds number Reθ performed erratically and were unreliable. More work is needed in this area.

References

[1] Ishibashi, M., and Funaki, T., “Boundary Layer Transition in High Precision Critical Nozzles of Various Shapes”, Proceedings of the 16th Int. Flow Measurement Conference Flomeko 2013, Paris, 2013.
[2] B. Mickan, R. Kramer, D. Dopheide; “Determination of Discharge Coefficient of Critical Nozzles based on their Geometry and the Theory of Laminar and Turbulent Boundary Layers”; 6th ISFFM, Queretaro, Mexico, 2006
[3] Abu-Ghannam, B.J., and Shaw, R., «Natural Transition of Boundary Layers - the Effects of Turbulence, Pressure Gradient and Flow History», IMechE, Vol. 22, No. 5, 1980.
[4] von Lavante, E., and Mickan, B., "Numerical Simulation of Transitional Effects in Critical Venturi Nozzles", Proceedings of the 13th Int. Flow Measurement Conference Flomeko 2005,Guilin, China, 2005.
[5] von Lavante, E., Kaya, H., Winzösch, F. And Brinkhorst, S.,: “Flow Structure in Critical Flow Venturi Nozzle and its Effect on the Flow Rate”, Flomeko 2013, Paris, france, 2013. 
[6] von Lavante, E. and Yao, J., “Numerical Investigation of Turbulent Swirling Flows in Axisymmetric Internal Flow Configurations”, Journal of Flow Measurement and Instrumentation, Elsevier, Vol. 25, June 2012.
[7] von Lavante, E. and Yao, J., ''Simulation of flow in Exhaust Manifold of a Reciprocating Engine``, AIAA 93-2954, Orlando, FL, July 1993.
[8] Mickan, B., Kramer, R., “Experiences with sonic nozzles used for different gases and wide range of pressure and temperature conditions”, 7th ISFFM, Anchorage, Alaska, 2009.






FLOMEKO 2016, Sydney, Australia, September 26-29, 2016	   Page 2
image4.wmf
Æ 

d

Æ 

d

4

Æ 

d

2*

Æ 

d

3

L

 ges

L

2

L

4

Æ 

d

1

L

1

R1

4°

4°

Æ 

d

sched

Æ

 

d

fl

L

3

* 2 folgt aus Düsen-

   Eingangsbemaßung

d


image5.png
transition Reynolds

4E6

3,5E6 |
3E6 £

2E6 E

1,5E6

1000000

500000

0 5 10 15 20 25

throat diameter [mm]




image6.jpeg




image7.emf
100000

1000000

0,982

0,984

0,986

0,988

0,990

0,992

0,994

0,996

discharge coefficient 

c

D

Reynolds number 

Re

HPPP

  air

numeric

R

 = 1

d

R

 = 2

d

 


oleObject1.bin

image8.wmf
(

)

(

)

139

.

0

5

.

0

-

-

×

+

+

×

+

=

Re

b

a

s

Re

b

a

s

c

turb

e

lam

a

D


oleObject2.bin

image9.wmf
þ

ý

ü

î

í

ì

ú

û

ù

ê

ë

é

÷

ø

ö

ç

è

æ

-

=

tr

log

tanh

1

5

.

0

Re

Re

k

sa

u


oleObject3.bin

image10.wmf
þ

ý

ü

î

í

ì

ú

û

ù

ê

ë

é

÷

ø

ö

ç

è

æ

+

=

tr

log

tanh

1

5

.

0

Re

Re

k

se

u


oleObject4.bin

image11.wmf
736

.

1

003654

.

0

lam

turb

b

b

×

=


image12.emf
1000000

2E6

3E6

4E6

5E6

6E6

7E6

0,988

0,990

0,992

0,994

0,996

a

2

-

b

turb,2

Re

-0.139

a

2

-

b

lam,2

Re

-0.5

a

1

-

b

turb,1

Re

-0.139

discharge coefficient 

c

D

Reynolds number 

Re

HPPP

numeric

R

 = 1

d

R

 = 2

d

 

a

1

-

b

lam,1

Re

-0.5


image13.emf
-5

-4

-3

-2

-1

0

1

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1

y [%]

BPR

k-omega

k-omega quad

laminar

Wan [NIM]

star-CCM+


image14.emf
0,9890

0,9895

0,9900

0,9905

0,9910

0,9915

8,E+05

2,E+06

3,E+06

4,E+06

C

D

Re

-

Numbers

Experiments

Achieve

–

laminar

Achieve-kw

Achieve-kw nonlinear


image15.emf
0,989

0,990

0,991

0,992

0,993

0,994

0,995

0,996

8,E+05

2,E+06

3,E+06

4,E+06

C

D

 

Re

d*

Experiments

Achieve

–

laminar

Achieve-kw

Achieve-kw nonlinear


image16.emf

image17.emf

image1.png
Cd

0.997
0.996
0.995
0.994
0.993
0.992
0.991
0.990
0.989
0.988
0.987

D 9.7~18.9 mm
1 1

Totally 2104 Cd points/ 18 CFVNs,

CFVNs

0.0

05

1.0 15 20
Re (x108)

25

3.0




image2.png




image3.jpeg
T ———————— -
T =

T T

5 e e e e e sty

g, ¥





