
HAL Id: hal-01914280
https://hal.science/hal-01914280

Submitted on 8 Nov 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

A silicon rectangular micro-orifice for gas flow
measurement at moderate Reynolds numbers: design,

fabrication and flow analyses
A. Amnache, M. Omri, L. Fréchette

To cite this version:
A. Amnache, M. Omri, L. Fréchette. A silicon rectangular micro-orifice for gas flow measurement at
moderate Reynolds numbers: design, fabrication and flow analyses. Microfluidics and Nanofluidics,
2018, 22 (6), �10.1007/s10404-018-2077-x�. �hal-01914280�

https://hal.science/hal-01914280
https://hal.archives-ouvertes.fr


A silicon rectangular micro-orifice for gas flow measurement 

at moderate Reynolds numbers: design, fabrication and flow analyses 
A. Amnache1,2 · M. Omri3 · L. G. Fréchette1,2

This work describes a micro-flowmeter for moderate flow rates of gases based on a differential pressure measurement. The 

micro-flowmeters consist of a microfabricated silicon–glass rectangular micro-orifice plate, with external pressure meas-

urement. We experimentally evaluate the effects of geometrics parameters, Reynolds number and compressibility on the 

discharge coefficient. The paper examines a series of 13 rectangular micro-orifice sizes, with orifice hydraulic diameters 

ranging from 115 to 362 µm. The behavior of the discharge coefficient is presented for orifice Reynolds numbers ranging 

from 200 to 18000. Agreement is shown between the experimental and numerical results of the discharge coefficient. The 

micro-flowmeters measure moderate flow of air ranging from 1 to 106 mg/s. This demonstration implements a design method 

of micro-flowmeters that can be used in a broad range of microfluidic applications, such as microreactors and power MEMS.

Keywords Micro-orifice · Flowmeter · Discharge coefficient · Microfluidic · Flow rate

1 Introduction

Over the past decades, the range of microfluidic devices has 

continued to grow, including not only low Reynolds number 

bioMEMS, but also devices with higher Reynolds number 

gas flow such as microreactors (Wiles et al. 2011; Jensen 

2017) and power MEMS (Dunn-Rankin et al. 2005; Fréchette 

2015). This growth was accompanied by a significant devel-

opment of adequate instrumentation. A key parameter is flow 

rate, which can be challenging to measure in microsystems. 

Microelectromechanical systems (MEMS) flow sensors have 

been implemented using thermal principles (Cubukcu et al. 

2014; Xue and Yan 2012; Kuo et al. 2012) or non-thermal 

principles (Berberig et al. 1998; Bouwstra et al. 1990; Nguyen 

et al. 2015). Table 1 summarizes the major parameters of flow 

measurement obtained by various authors. One of the simplest 

non-thermal sensing principles is based on differential pres-

sure drop across a calibrated flow obstruction inside a chan-

nel, where the generated pressure difference is proportional 

to the flow rate. Compared to the thermal flow sensors, the 

differential pressure sensors have many advantages: (1) ther-

mal insulation is not critical (Elwenspoek 1999), which is a 

big challenge in the miniature systems, (2) no electrical con-

tact with the fluid, which indicates less corrosion and damage 

(Wang et al. 2009). However, the disadvantage of the flow 

sensors based on differential pressure is that they have less 

measurement sensitivity at low-velocity flow regimes, since 

pressure difference, ΔP, is proportional to the square of veloc-

ity (Svedin et al. 2003), as illustrated in Fig. 1. On the other 

hand, thermal flow sensors such as calorimetric flow sensors 

have a high sensitivity in the low-velocity regime, but saturates 

at high velocities when the thermal boundary layer thickness 

became dominant (Elwenspoek 1999). Therefore, thermal flow 

sensors are more popular in microfluidic devices handling low 

velocity flow regimes and low Reynolds numbers, such as 

liquid flows in biochemical applications. However, with the 

appearance of microfluidic systems handling relatively high 

fluid pressure and flow rate such as micro-steam turbines, i.e., 

up 4.5 bars and 100 mg/s (100 < Re < 2000) (Lee and Fréchette 

2011; Liamini et al. 2011), the differential pressure approach 

become of interest. Commercial flowmeters can measure the 
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flow range of the micro-steam turbine. However, they cannot 

be integrated in situ, within a device. Also, the temperature of 

the steam flow (up to 250 °C) precludes the use of commer-

cial flowmeters. Since the steam micro-turbine is essentially 

fabricated by deep etching and wafer bonding, the constriction 

differential pressure can be easily fabricated on the same chip 

and at the same time, without adding fabrication steps. In this 

paper, we focused on the gas flow measurement by differential 

pressure using an orifice micro-flowmeter. At macroscale, this 

flow measurement method is widely used. The discharge coef-

ficient, Cd, defined as the ratio of the actual flow rate over the 

ideal flow rate, is an important design parameter for the orifice 

plate flowmeter. It has been exhaustively studied for circular 

geometries and high Reynolds numbers (Miller 1996; White 

1999), which is characteristic for macroscale fluidic systems. 

However, few studies of the discharge coefficient have been 

performed at moderate Reynolds numbers (Hollingshead et al. 

2011; Johansen 1930). Jankovski et al. (2008) developed a 

semiempirical correlation of Cd for an incompressible flow 

through a small circular orifice. They considered the effect of 

the orifice length on the Cd. The model was correlated and 

validated with numerical simulations and the experimental 

results from Hasegawa et al. (2009), Phares et al. (2005) and 

Kiljanski (1993) for orifice Reynolds numbers up to 3000. 

However, micro-orifices fabricated with microfabrication 

processes are usually non-circular in cross section and take 

two-dimensional extruded-like shapes. Unfortunately, the 

traditional Cd correlations for circular orifices are not valid 

for rectangular or planar shapes (Amnache et al. 2010). It 

is therefore very desirable to study the discharge coefficient 

behavior in rectangular micro-orifices. Zivkovic et al. (2013) 

studied numerically the pressure drop of an incompressible 

flow across a rectangular micro-orifice. Their study developed 

a correlation between the loss coefficient as a function of ori-

fice Reynolds number and geometry. However, the Reynolds 

number range was relatively low, from 0.005 to 0.1. Mishra 

and Peles (2005) fabricated rectangular micro-orifice plates 

entrenched in silicon microchannels for orifice hydraulic diam-

eters between 21 and 57 µm. They experimentally studied the 

compressible and incompressible single-phase flow behavior 

through these configurations. They developed a correlation of 

the discharge coefficient for the incompressible flow and they 

concluded that the Cd depends only on the area ratio (orifice 

width/channel width) for Reynolds numbers greater than its 

critical value, (200 ≤ Recrit ≤ 500). For compressible flow, 

the same authors determined the effect of the pressure ratio 

(upstream/downstream pressure) on the discharge coefficient. 

Table 1  Major parameters of MEMS-based flow sensor for gas flow measurement

References Working principle Gas Flow range Chip dimension

Sensor size

Xue and Yan (2012) Thermal (calorimetric) Air 0.016–57 mg/s 20 × 10 × 1.6  mm3

No data

Cubukcu et al. (2014) Thermal (calorimetric) Air, He, Ne, Ar 0.04–2 m/s No data

1 mm diameter

Svedin et al. (2003) Hybrid: thermal/pressure force (drag 

force/hot wire)

Air Up to 1620 mg/s

Up to 4.3 m/s

No data

3 × 3  mm2

Bouwstra et al. (1990) Resonating (vibration) Air 0–0.2 mg/s

0–3 m/s

No data

600 × 200 × 21 µm3

Berberig et al. (1998) Differential pressure (capacitive) Air 0–22 m/s 5 × 8 × 1.4  mm3

No data

Nguyen et al. (2015) Pressure force (capacitive) Air 0–19.2 m/s No data

5.5 × 5.5  mm2

This work Differential pressure Air 0–106 mg/s

0–310 m/s

5 × 1 cm2 (10 dif-

ferent sensors)

207 × 125 µm2 to 

3005 × 5102 µm2
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They observed that for pressure ratios greater than 2, which 

corresponds to choked flow, i.e., Mach number equal to unity, 

the discharge coefficient becomes a constant value. However, 

the evolution of the discharge coefficient below pressure ratios 

of 2 was not well characterized. In addition, for both compress-

ible and incompressible flows, the effect of the aspect ratio on 

the discharge coefficient was not considered. Amnache et al. 

(2010) numerically studied the gas flow through a rectangu-

lar micro-orifice and observed that the discharge coefficient 

strongly depends on the orifice aspect ratio.

In this paper, we design, fabricate and characterize rectan-

gular orifice micro-flowmeters for measuring moderate gas 

flow. The design of this type of micro-flowmeter is based 

mainly on the knowledge of the discharge coefficient. How-

ever, the above brief literature survey shows that the discharge 

coefficient for compressible flow through micro-orifices with 

rectangular cross section has not been well studied. In this 

work, we endeavored to study numerically and experimentally 

the compressible gas flow through rectangular micro-orifices 

of various sizes, below the sonic limit. The discharge coef-

ficient is characterized showing the effect of the Reynolds 

number, all the geometric parameters (orifice aspect ratio, area 

ratio, orifice length-to-hydraulic ratio) and compressibility.

This work provides a design methodology for microfabri-

cated differential pressure flowmeters to allow their integration 

into embedded microfluidic devices that cannot use commer-

cial flowmeters.

2  Rectangular orifice micro-flowmeter 
approach

Rectangular orifice micro-flowmeters are based on the Ber-

noulli obstruction theory. The orifice restriction as shown 

in Fig. 2 creates a Venturi effect, where the flow velocity 

increased to its maximum and the static pressure decreased to 

its minimum value at point 2, which corresponds to the vena 

contracta. The static pressure profile along the orifice micro-

flowmeter is also illustrated in Fig. 2. It is a combination of the 

total pressure drop (Moody and head losses) and the dynamic 

pressure (Bernoulli effect).

By measuring pressure difference, ΔP = P1 − P2, between 

the pressure tap 1 and the pressure tap 2, the velocity of the 

flow can be determined, leading to the ideal mass flow rate, 

ṁ
id

.

For an isentropic unidimensional compressible flow 

through a channel (Shapiro 1953):
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where P, T, and ρ are static pressure, static temperature and 

static density of the fluid. P0, T0 and ρ0 are, respectively, 

the total pressure, total temperature and total density. These 

relations are expressed as a function of Mach number, M, 

and depend on k, the specific heat ratio, which is equal to 

1.4 for air.

The equation of state of an ideal gas is written as:

where R is the ideal gas constant, equal to 287 J/kg K for air.

Assuming an ideal case with no losses between upstream 

(1) and downstream (2) of the orifice, the ideal static pres-

sure ratio can be given by:

Assuming that the cross-sectional area of the vena con-

tracta, Av, is equal to the cross-sectional area of the ori-

fice, Ao, and from mass conservation, the ratio Ao/Ac can be 

expressed as:

Replacing the Mach number, M1, calculated from Eq. 5, 

in Eq. 6, the Mach number at the vena contracta, M2, can 

be determined by:
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The ideal mass flow rate across the orifice can be obtained 

by (Shapiro 1953):

To express the mass flow rate as a function of the pressure 

difference between upstream and downstream of the orifice, 

the Mach number, M2, is replaced by Eq. 7 and the density, 

ρ2, is replaced by:

Then after rearrangement, the ideal mass flow rate can 

be expressed by:

where β is the area ratio defined as the square root of the 

ratio of the orifice cross-sectional area, Ao, to the channel 

cross-sectional area, Ac, as:

and Y is the expansion factor expressed for an adiabatic gas 

as:

The expansion factor, Y, describes the effect of compress-

ibility. Indeed, if the pressure difference across the orifice 

is small, the expansion factor, Y, tends to unity. It results in 

no significant change in density of the gas and then the flow 

can be assumed incompressible.

In the actual case, there will be a total pressure drop 

across the orifice due to friction losses. Also, the section of 

the vena contracta at point 2 will not necessarily be equal 

to the orifice cross-sectional area. The ideal mass flow rate 

is therefore typically corrected by the discharge coefficient, 
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Cd, which must be determined for a given geometry and flow 

conditions to account for these non-idealities. So, the actual 

mass flow rate, ṁ , can be written as:

Unlike the traditional circular orifice plate, the discharge 

coefficient is expected to depend on three geometric param-

eters: area ratio, β, orifice aspect ratio, δ, defined as the ratio 

of the orifice width, bo, over the channel depth, ω:

and orifice length-to-hydraulic diameter ratio, λ, defined as 

the ratio of the orifice length, lo, over its hydraulic diameter, 

 dho:

where  dho is defined as:

3  Design and microfabrication 
of rectangular orifice micro-flowmeters

A series of 13 rectangular orifice micro-flowmeters are 

designed with different geometries. To study the influence of 

the geometric parameters on the discharge coefficient, each 

micro-flowmeter geometry is defined by three dimensionless 

parameters: the area ratio, β, the orifice aspect ratio, δ, and 

the orifice length-to-hydraulic diameter ratio, λ. The dimen-

sions and parameters of the micro-flowmeters are presented 

in Table 2.

Localization of pressure taps for measuring average static 

pressure upstream, P1, and downstream, P2, of the orifice are 

designed to be in agreement with the American Society of 

Mechanical Engineers standardization at macroscale (Miller 

1996). Namely the upstream pressure and downstream pres-

sure taps are located at − bc, bc/2, respectively from the 

orifice. Amnache et al. (2010) found these locations to be 

appropriate for rectangular orifice micro-flowmeters.

The fabrication process flow for rectangular orifice micro-

flowmeters is schematically illustrated in Fig. 3. The micro-

devices are fabricated using silicon-on-insulator (SOI) wafer 

(100 mm, p-type, double side polished, 200 µm device layer, 

300 µm handle layer and 200 nm silicon dioxide). After pho-

tolithography on the device layer using photoresist, channels, 

orifices and the pressure taps were formed by deep reactive 

ion etching (DRIE). DRIE gives re-entrant profiles when 
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etching trenches are larger than 50 µm. However, verticality 

is important to have well-defined orifices and reproducible 

micro-flowmeters. To fabricate vertical channel walls, sacri-

ficial structures were created near the wall, as represented in 

Fig. 3b, to create narrow trenches with vertical side walls. The 

width of the trench opening near the wall is 10 µm. These sac-

rificial structures fall when the silicon dioxide layer is reached 

due to under-etching on the side with a wider opening. The 

other requirement for reproducible results is control of the 

channel depth. Given the high selectivity with silicon diox-

ide, well controlled and uniform channel depth independent 

of the trench aspect ratio is achieved. Therefore, the depth of 

the all micro-flowmeters is defined by the SOI’s device layer, 

measured here to be 207 µm, with an uncertainty of 2.5%. 

The relative roughness of micro-channels (ratio of the average 

height of surface irregularities to the hydraulic diameter of the 

channel) is measured to be about 0.001 to 0.004.

Figure 4 shows a scanning electron microscopy image of 

the micro-orifice edge and the downstream pressure tap for 

device #10. The width of the pressure tap is 30 µm. The image 

shows good verticality of the wall after DRIE. Another pho-

tolithography and DRIE process was performed on the han-

dle layer of the SOI wafer etching holes of 400 µm diameter 

through 300 µm of Si in order to create the fluid inlet/outlet 

and pressure tap connections (Fig. 3c). Prior to bonding, the 

silicon wafer was cleaned with SC1 solution (1:1:5 mixture of 

 NH4OH:H2O2:H2O) for 15 min. The wafer was also immersed 

in a hydrofluoric acid solution (1:50 mixture of HF:H2O) for 

30 s in order to remove the native oxide. To complete the 

micro-channels, the silicon wafer was anodically bonded to a 

 Pyrex® glass wafer (500 µm thickness), which is a good mate-

rial choice for bond quality with silicon and to allow flow 

visualization in future studies (Fig. 3d). Finally, the wafer was 

diced into 5 × 1 cm rectangular chips with multiple flowmeters, 

as illustrated in Fig. 5. Distances between fluid inlet/outlet and 

the center of the orifice are 5.5 and 3.5 mm, respectively.

4  Experimental apparatus and procedure

A schematic of the experimental setup is represented in 

Fig. 6. In the current study, extra dry air  (H2O < 10 ppm) is 

used as the working fluid. The chip of micro-flowmeters is 

Table 2  Summary of fabricated 

micro-flowmeters dimensions
Devices β δ λ bc (µm) bo (µm) ω (µm) lo (µm) dho (µm)

1 0.2 1.7 3.9 3005 120 207 595 152

2 0.2 2.6 3.4 205 80 207 395 115

3 0.41 0.7 1.5 1890 310 207 370 248

4 0.4 1 1.2 1260 205 207 245 206

5 0.4 1.7 1 760 120 207 145 152

6 0.4 2.6 0.8 510 80 207 95 115

7 0.6 0.2 1.6 2787 1007 207 560 343

8 0.6 1 0.5 565 205 207 105 206

9 0.61 2.3 0.4 245 90 207 45 126

10 0.8 0.15 1.3 2270 1455 207 470 362

11 0.8 0.3 0.6 943 605 207 180 309

12 0.8 1.3 0.2 253 160 207 45 181

13 0.8 2.6 0.2 125 80 207 20 115

(a) SOI wafer

(b) DRIE on the device layer to create channels. The

sacrificial structures will fall at the end of etching 

(c) DRIE on the handle layer to create inlet/outlet 

and pressure tap holes

(d) Anodic bonding with glass wafer (Pyrex®)

SiliconGlass SiO2

Sacrificial structure

Fig. 3  Microfabrication process flow of rectangular orifice micro-

flowmeters
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embedded in a packaging designed specifically for this, as 

shown in Fig. 7. It is made of three layers of stainless steel. 

Layer A consists of fluidic piping and O-ring grooves. The 

connections between the ports on the chip and layer A (inlet, 

outlet and pressure taps) are provided using micro O-rings 

made of Markez perfluoroelastomer (inner diameter and 

cross section of 600 µm). Layer B is designed to hold and 

align the micro-flowmeter chip in the middle of layer C and 

it serves as a mechanical stop when the O-rings are squeezed 

by both layers A and C. The inlet to the micro-flowmeters is 

connected to an air source, where the pressure is be adjusted 

by a pressure regulator. The air is filtered before passag-

ing through the micro-flowmeters. The differential pressure 

between inlet and outlet of micro-orifices is measured by a 

differential pressure transducer  (Scanivalve® Zoc17IP/8PX-

APC) capable of pressure differences up to 700 kPa with an 

uncertainty of 0.455 kPa. The upstream pressure P1 is meas-

ured separately by a simple pressure transducer  (Omega®) 

capable to measure pressure up to 1 MPa with an uncer-

tainty of 2.5 kPa. The reason to measure P1 is to calculate 

the density of the air at this location using Eq. 4, assuming 

room temperature. In this experiment, we used mass flow 

controllers to control the mass flow rate with an uncertainty 

of 1% of full scale  (MKS® 1179A). Since we studied a large 

range of mass flow rates, we used three different mass flow 

controllers having different measurement ranges (0–200, 

0–500 and 0–5000 sccm) to increase the precision of meas-

urement. Finally, pressure and mass flow rate data were col-

lected through a data acquisition and control (DAQ) system.

5  Results and discussion

The characteristics of the flow through the rectangular ori-

fice plate micro-flowmeter have been evaluated experimen-

tally for the 13 different sizes and over a range of operating 

conditions. The air at ambient temperature is used for these 

Fig. 4  Scanning electron microscopy image showing orifice and pres-

sure tap P2 of the device #10. The air flows from right to left

Fig. 5  A photograph of the chip with multiple micro-flowmeters. 

Length, 5 cm; width, 1 cm; thickness, 1 mm

Extra dry 

Air

P

Valve

Filter

Packaging

P

P1

Pressure transducer

P

ΔP
transducer 

Micro-flowmeters chip

Flowmeters/

Flow controllers

Data acquisition

system

Computer Outflow

Fig. 6  Experimental setup schematic

Fig. 7  Exploded schematic view of the micro-flowmeters packaging
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experiments. The results show the pressure difference across 

micro-flowmeter, and the effect of geometry, Reynolds num-

ber and compressibility on the discharge coefficient. Fur-

thermore, the numerical simulations are validated by the 

experimental results.

5.1  Pressure difference across micro-orifices

The pressure difference, ΔP, across micro-orifices is 

measured by varying mass flow rate within the range of 

1–106 mg/s. The upstream pressure, P1, is maintained at 

0.8 MPa. Figure 8 shows the behavior of ΔP versus the mass 

flow rate for each micro-flowmeter. The ΔP increases quad-

ratically as mass flow rate increases. As discussed previ-

ously, the results show that orifice micro-flowmeters have a 

high sensitivity at high flow rate. Furthermore, the results 

revealed that a high orifice aspect ratio gives a high pressure 

difference when the area ratio is fixed. Indeed, the depth 

of channels is constant (207 µm), so when the aspect ratio 

increases, orifice cross-sectional area decreases and then the 

dynamic pressure becomes more important. Therefore, the 

static pressure at the vena contracta decreases resulting in a 

larger pressure difference.

The maximum mass flow rate range in these measure-

ments was limited by (Fig. 8):

(a) The mass f low controller limit (106  mg/s at 

P1 = 0.8 MPa) as shown for devices #7, #10 and #11.

(b) The increase of the pressure losses inside the micro-

channel (upstream and downstream of the orifice) and 

the canalizations as shown for #3 and #4.

(c) The critical flow where the Mach number reaches 

unity at the vena contracta as shown for #1, #2, #5, 6, 

#8, #9, #12 and #13. At this limit, the pressure differ-

ence increased significantly due shock waves. It corre-

sponds to the theoretical critical pressure ratio (P2/P1) 

as shown in Fig. 8. The range of interest in this work 

will therefore stay below critical flow.

The Knudsen number, which evaluates the effect of rare-

faction on flow properties, was estimated by Eq. 17 (Morinin 

et al. 2004) to be an order of  10−5, for the smallest device 

(#2). It is well below  10−3, so the flow can be considered as 

a continuum:

Reo is orifice Reynolds number defined as:

where ρo, Vo and µ are the fluid density, average velocity and 

viscosity at the orifice, respectively.

5.2  Discharge coefficient

5.2.1  Effect of geometric parameters

The discharge coefficient, Cd, of the flow through micro-

orifices is plotted versus orifice aspect ratio and area ratio 

with varying orifice Reynolds number from 200 to 18,000. 

The uncertainty in the discharge coefficient comes from 

measurement error of the differential pressure transducer, 

flow controllers and dimensions of the micro-flowmeters.

As shown in Fig. 9, the general trend is a sharp increase 

in Cd from low Reo to reach a nearly constant value above 

Reo ≈ 3000. This behavior is expected since the viscous 

losses diminish as Reo increases, leading to a Cd closer to 

unity (ideal flow). At high Reo, we observe that Cd increases 

again in some cases (such as micro-flowmeters #5, #6, #9, 

#12 and #13). Here, the fluid velocity and pressure differ-

ence become more important, so compressibility effect 

appears. To better confirm the role of compressibility, the 

Mach number at the vena contracta, M2, is estimated by 

Eq. 19 (Shapiro 1953) and added to Fig. 9. We notice indeed 

that Cd begins to increase again when M2 reaches the range 

of 0.25–0.4.

For micro-flowmeters #9, #12 and #13 the Cd behave 

differently at low Reo. Indeed, the Cd increases a maximum 

near Reo ≈ 2000, after which it decreases to reach a constant 

value (before increasing again due to compressibility, as 
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√
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Fig. 8  Measured pressure difference across the orifices for various 

micro-flowmeters. The upstream pressure P1 is maintained at 0.8 MPa
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presented previously). The same behavior has been observed 

by Hollingshead et al. (2011) for macroscale orifices with 

β = 0.5–0.7. They observed that the trend of Cd presents a 

local maximum at Reo ≈ 300. They explained this by the 

effect of the orifice plate thickness on the velocity profile at 

the vena contracta. In addition, the results from Jankovski 

et al. (2008) for small circular orifices indicate that the Cd 

exhibits a maximum at low Reo when the length-to-hydraulic 

diameter ratio, λ, tends to zero. This is in agreement with the 

present results. Indeed, compared to other micro-flowmeters, 

the #9, #12 and #13 have the smallest λ, 0.4, 0.2 and 0.2, 

respectively. This suggests that all three geometric param-

eters, β, δ, and λ, should be considered in micro-flowmeters.

For a fixed area ratio, β, and orifice length-to-hydraulic 

diameter ratio, λ, the higher aspect ratios, δ, give higher dis-

charge coefficients. This may be due to the velocity gradient 

that is becoming larger at the wall with smaller aspect ratios, 

which leads to high friction losses.

We compared the effect of the area ratio, β, on the Cd 

by fixing the aspect ratio, δ, to 1 as illustrated in Fig. 10. 

The data revealed that a higher β gives higher Cd. This is 

an unexpected result if we consider that an abrupt sudden 

contraction and sudden expansion tends to produce high fric-

tion losses. Furthermore, micro-flowmeter #4 has a higher λ, 

which increases the Moody losses. A plausible explanation 

0 3000 6000 9000 12000 15000 18000
0.0

0.2

0.4

0.6

0.8

1.0

Viscous

regime

Compressible

regime

M2 > 0.25

C
d

 #1, δ =1.7

 #2, δ =2.6

β = 0.2

M2=0.25

M2=0.25

≡ M2 = 0.25

(a)

0 3000 6000 9000 12000 15000 18000
0.0

0.2

0.4

0.6

0.8

1.0
(b)

 #3, δ =0.7

 #4, δ =1

 #5, δ =1.7

 #6, δ =2.6

β = 0.4

Viscous

regime
≡ M2 = 0.25

0 3000 6000 9000 12000 15000 18000
0.0

0.2

0.4

0.6

0.8

1.0
(c)Compressible regime

M2 > 0.25

 #7, δ =0.2

 #8, δ =1

 #9, δ =2.3

β = 0.6
β = 0.8

C
d

Reo

Viscous

regime
≡ M2 = 0.25

0 3000 6000 9000 12000 15000 18000
0.0

0.2

0.4

0.6

0.8

1.0
(d)

Viscous

regime

 #10, δ =0.15

 #11, δ =0.3

 #12, δ =1.3

 #13, δ =2.6

Reo

≡ M2 = 0.25

Fig. 9  Discharge coefficient plots with several area ratios. a β = 0.2, b β = 0.4, c β = 0.6 and d β = 0.8

0 3000 6000 9000 12000 15000 18000
0.0

0.2

0.4

0.6

0.8

1.0

C
d

Reo

 β = 0.4 δ = 1 λ = 1.2

     #4

#8 

   β = 0.6  δ = 1 λ = 0.5

Fig. 10  Effect of area ratio, β, on the discharge coefficient, Cd. The 

aspect ratio, δ, is fixed at 1

8



is that the hypothesis taken in Eq. 6, mentioned that the 

area of the vena contracta is assumed equal to the area of 

the orifice, becomes invalid for rectangular orifice micro-

flowmeters. Thus, the discharge coefficient determined in 

this study could be a combination of friction losses and vena 

contracta cross-sectional area deviation. To determine real 

friction losses through the orifice, the discharge coefficient 

should be divided by the contraction coefficient, Cc, defined 

as the ratio between the vena contracta and the orifice cross-

sectional areas. However, numerical simulations or experi-

mental flow visualization would be required to know the 

actual vena contracta.

5.2.2  Compressibility effect

The above results show that the Cd is affected by both Reyn-

olds number and compressibility. In order to uncouple these 

two effects, we used 3D numerical simulation of the micro-

flowmeter #4. Thus, ANSYS Fluent 14.5 is used to solve the 

compressible and incompressible steady-state Navier–Stokes 

equations. As the flow is symmetric, we calculated only a 

quarter of micro-flowmeter #8. Non-uniform hexahedral 

grids were used to mesh the geometry. The mesh is finer 

near the wall and orifice where the velocity gradients are 

larger. The meshed geometry contained 707,500 hexahedral 

cells. Inlet and outlet flow are situated at 3 mm upstream and 

4 mm downstream, respectively, from the orifice. We used 

Reynolds stress model, RSM, to predict the transitional and 

turbulent flow through the orifice micro-flowmeter. Eiamsa-

ard et al. (2008) observed that the prediction of the flow 

through a circular orifice with RSM is in agreement with 

measurements. Pressure-based solver and simple scheme are 

used to solve the discretized equations. The convergence 

criterion is satisfied when the residual of overall conserva-

tion equations reached  10−12. The pressure drop across the 

orifice is evaluated by creating two surface planes at P1 and 

P2 taps location and calculating the average static pressure.

A comparison of experimental results and numerical 

simulations of the discharge coefficient is shown in Fig. 11. 

Two different series of numerical data as a function of Reyn-

olds number are used. The first series has been performed 

using the same flow conditions as the experiment, i.e., com-

pressible flow. The second series has been performed by 

simulating incompressible flow. The comparison revealed 

a good agreement of the experimental results with the 

numerical simulations taking into account the compress-

ibility of the fluid. The deviation is less than 6%. On other 

hand, the numerical data for incompressible flow show 

concordance with the experimental results at low Reo rang-

ing from 2000 to 6000. This range of Reo corresponds to 

M2 ranging from 0.07 to 0.2. However, the deviation starts 

to become significant at Reo = 6800. The related M2 at this 

value is 0.25. Unlike the experimental measurement, the Cd 

remains constant with Reo from 2000 to 16,000. This result 

confirms that the Cd is not only dependant on Reo at high 

compressibility, but that the effect of Mach number should 

be considered.

6  Conclusion

In this work, a series of 13 non-traditional rectangular ori-

fice micro-flowmeters have been fabricated successfully by 

MEMS fabrication methods. The air mass flow rate meas-

ured by these micro-flowmeters ranged from 1 to 106 mg/s.

The paper presents results concerning the behavior of 

the discharge coefficient in micro-flowmeters for Reynolds 

number ranging from 200 to 18,000. It was found that it is 

affected by orifice Reynolds number, compressibility, ori-

fice aspect ratio, area ratio and orifice length-to-hydraulic 

diameter ratio.

We also found that the hypothesis used for circular ori-

fices at macroscale mentioning an equality of the vena con-

tracta and orifice cross-sectional areas may be not valid for 

rectangular micro-orifices and that it may be affected sig-

nificantly by the area ratio and length-to-hydraulic diameter 

ratio. Consequently, the calculated discharge coefficients in 

this study do not present only friction losses through the 

orifice, but rather a combination of friction losses and the 

contraction coefficient. Further research work on the exact 

vena contracta cross-sectional area is recommended. The 

results in this work provide results allowing the design of 

simple micro-flowmeters for moderate Reynolds numbers, 

and can also be a guideline for further investigation of the 

flow through rectangular micro-orifices.
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The agreement between the experimental and numerical 

results shows that numerical simulation using RSM model 

can serve as a good analysis tool for rectangular orifice 

micro-flowmeters, further opening the design options.
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