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Gas flow through microtubes with different internal surface coatings
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Aix-Marseille Universit�e, CNRS, IUSTI UMR 7343, 5 rue Enrico Fermi, 13013 Marseille, France

M. Wuest
INFICON Ltd., Alte Landstrasse 6, LI-9496 Balzers, Liechtenstein

(Received 2 May 2013; accepted 21 October 2013; published 8 November 2013)

An experimental setup based on the constant volume technique is developed to measure the mass

flow rate through microtubes under isothermal stationary flow conditions. Four different working

gases (helium, nitrogen, argon, and carbon dioxide), and two surface materials (stainless steel and

Sulfinert) are considered. The Knudsen number calculated for the experimental conditions varies

from �10�4 (hydrodynamic regime) to � 5 (transitional regime). In the reduced range ð10�4 � 0:1Þ
corresponding to the hydrodynamic and slip regimes, an approach based on the analytical solution of

the Stokes equation subjected to a first order velocity slip boundary condition is used. The velocity

slip coefficient and the tangential momentum accommodation coefficient are extracted from the

experimental data of the mass flow rate using their analytical expressions. The results are

summarized in the tables representing the accommodation coefficients for the corresponding

gas-surface material combinations. The influence of the molecular mass on the tangential momentum

accommodation coefficient is discussed. In addition, an original technique is proposed to extract the

accommodation coefficient in the whole experimentally available range ð10�4 � 5Þ of the gas

rarefaction. The accommodation coefficients obtained using this technique are close to those found in

the slip regime. VC 2014 American Vacuum Society. [http://dx.doi.org/10.1116/1.4828955]

I. INTRODUCTION

The information about the properties of the gas–surface

interaction such as condensation, adsorption, adhesion, and

accommodation is important in vacuum technology. One of

the characteristics of the gas–surface interaction is the accom-

modation coefficient. When a gas particle interacts with a sur-

face, the energy is transferred in the form of heat and stress.

This leads to two main types of accommodation called energy

accommodation and tangential momentum accommodation.

Accommodation is the process whereby the particles imping-

ing a solid surface acquire its temperature and velocity. For

isothermal flows, only tangential momentum accommodation

needs to be considered. The tangential momentum accommo-

dation coefficient (TMAC) denotes a momentum flux ratio

characterizing the gas–surface interaction. This is the ratio

between the tangential momentum flux transferred to the wall

and the maximal tangential momentum flux occurring when

the reflected particles are completely accommodated with the

surface. In the frame of the Maxwellian kernel, the value of

the TMAC varies in the range from 0 to 1. In the case of a

specular reflection, the tangential momentum of gas particles

is maintained. This means that a gas molecule reflects from

the surface with the same tangential velocity and the same

absolute value of the normal velocity, but with opposite sign,

and the TMAC is equal to 0. In the case of diffuse reflection,

the gas particles lose all of their tangential momentum and

leave the surface with a Maxwellian distribution of the surface

parameters. This case corresponds to a TMAC of 1. The value

of the accommodation coefficient depends on various parame-

ters such as the surface properties and the weight of the gas

particle. Some other scattering kernels exist.1,2 In the

Cercignani–Lampis scattering model,1 the TMAC may vary

from 0 to 2, where a value of 2 corresponds physically to the

back scattering. However, in practice, the tangential momen-

tum accommodation coefficient varies in a small range, from

0.7 to 1.3 Thus, for the present isothermal study, the

Maxwellian kernel is more simple and sufficiently realistic

and will be exclusively used to describe the boundary

conditions.

The experimental apparatus used in this work consists

of a cylindrical microtube inserted between two reservoirs

maintained at the same temperature. This setup allows us

to obtain isothermal flows and to measure the correspond-

ing stationary mass flow rates. In addition, the choice of

microtube is theoretically and practically very interesting.

Indeed, various effects of the interaction between the gas

flow and the solid surface are increased by decreasing the

conduit diameter owing to the increase in the surface-to-

volume ratio. On the other hand, the conduits with small

diameters are very useful in various domains, notably for

gas chromatography and the mass spectrometry. Therefore,

knowledge about gas-surface interaction properties

becomes theoretically very important and is of great practi-

cal interest.

For isothermal gas flows, the gas–surface interaction is

essentially characterized by the TMAC. The fraction of the

tangential momentum transferred between the gas mole-

cules and the surface has an impact on the macroscopic

flow parameters, such as the bulk velocity and the mass

flow rate. It is notable that, in the case of flow through a cy-

lindrical tube, the mass flow rate may increase when a gas

particle does not accommodate completely to the internal

tube surface.a)Electronic mail: mustafa.hadjnacer@polytech.univ-mrs.fr
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The TMAC is required in expressions of the boundary

conditions in the slip regime for continuum modeling and in

all flow regimes for kinetic modeling of the reflection law.

Therefore, a better knowledge of the mechanism of the gas–

solid surface interaction will allow us to improve the under-

standing of the gas flow behavior in the slip, transitional, and

free molecular flow regimes, and to better design the indus-

trial devices which work under rarefaction conditions.

Many researchers carried out different experiments to

determine the TMAC values for various gas–solid surface

pairs. The main experimental techniques used to measure the

TMAC are reviewed in Ref. 4. This review shows that gener-

ally the accommodation coefficient depends upon a large

number of parameters, such as the type of gas, the surface

material, and its cleanliness and roughness.

The four main experimental techniques proposed in the

literature to measure the mass flow rate through the micro-

channels are as follows:4 First is the liquid drop method,5–9

which permits a direct determination of the volume flow rate

by tracking the interface of an oil drop moving in a cali-

brated tube as a function of time with a speed camera.

Second is the dual tank accumulation method, developed

by Arkilic et al.,10 which consists of measuring the relative

pressure variation between a reference and an accumulation

tank. The mass flow rate is deduced from the ideal gas law.

Third is the constant volume (CV) technique,5,9,11–15

which is similar to the dual tank accumulation method, but

the absolute pressure variation in the tanks is measured. This

approach needs very high thermal stability.

Last is the constant pressure technique.16–18 In contrast to

the constant volume technique this method is not commonly

used because of the difficulties in measuring the volume var-

iation as a function of time while maintaining a constant

pressure.

All of these methods have their own advantages and dis-

advantages. The simplest and the most accurate technique,

however, is the CV technique, and is the technique adopted

in the present study.

The mass flow rates of: helium (He), nitrogen (N2), argon

(Ar), and carbon dioxide (CO2) are measured under isothermal

stationary flow conditions. Two long tubes of small diameter

(several hundred microns) made from stainless steel (SS) are

used, one of which has its internal surface covered by

Sulfinert. The different flow regimes, hydrodynamic, slip, and

transitional, are considered. In the slip flow regime, the veloc-

ity slip and accommodation coefficients are deduced explicitly

using the mass flow rate experimental data and the

Navier-Stokes model, subject to a first order slip boundary

condition. In addition, for all of the considered flow regimes,

the measured data are compared with the results of numerical

simulation valid for all flow regimes. In this way, the accom-

modation coefficients are obtained using an original technique.

II. EXPERIMENT

A. Methodology

The experimental setup is represented schematically in

Fig. 1. This setup was built to measure the mass flow rate

through the microtubes using the CV technique. The CV

technique consists of measuring, as the function of time, the

pressure variation between two constant volume tanks con-

nected with a microchannel. The flow through the micro-

channel was generated by setting a pressure difference

between the inlet and outlet tanks. The volume of the tanks

must be much greater than the microchannel volume to guar-

antee that the flow parameters are independent of time, but

must still remain detectable. The time-dependent pressure

and temperature variations were measured and the mass flow

rate was deduced from the equation of state. The mass

variations occurring in the tanks during the experiments did

not contradict the stationary assumption because the pressure

variations were maintained at less than 2% during the

experiments.

Leakage and outgassing tests were carried out with pres-

sure sensors and are described in detail in Refs. 12 and 13.

The experimental procedure for the mass flow rate meas-

urements is described as follows:

First, the experimental loop (Fig. 1) was evacuated using

the vacuum pump by opening the valves V2, V3, and V4 for

1–2 h.

Next, the valve V4 was closed and the system was filled

with working gas from the high pressure tank by opening the

valve V1 until the desired inlet pressure value (pin) was

reached.

The valves V1 and V3 were then closed, and the valve V4

was opened again to decrease the pressure in the outlet tank

until the desired value (pout) was obtained.

Finally, the valves V2 and V4 were closed, and the pres-

sure and temperature data in both tanks were acquired.

The registration of the pressure variations in the inlet and

outlet tanks was carried out using two capacitance dia-

phragm gauges (INFICON), as shown in Fig. 1. These were

chosen for their pressure range and were connected to the

upstream and downstream tanks.

The temperature of the gas inside the system was meas-

ured by three temperature sensors (PT100), which provided

an accuracy of 0.1 K. Two sensors were used to measure the

temperature variations in the inlet and outlet tanks, and one

sensor was used to measure the room temperature variations.

The experiments were carried out at room temperature

(�297 K). In order to maintain thermal stability during the

FIG. 1. Schematic of the experimental setup.
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experiments, all heat sources were excluded. The difference

between the three temperature sensor measurements was less

than 0.3 K. The relative variation of the temperature during

the duration of the experiment was less than 0.1 K, and the

thermal stability was checked before and during each experi-

ment. The purity of the gases was higher than 99.999%.

The volumes of the inlet and outlet tanks were measured

using a simple and accurate method. Using a reference tank

with known volume, the ratio between the measured volume

and the reference volume was calculated from the mass con-

servation law. This method was repeated five times, and the

maximum deviation of the measured volume values from the

mean value was 0.16%.

B. Microchannel characteristics

Two stainless steel microtubes T1 and T2 (see Table I)

were used in this study, and the internal surface of the micro-

tube T1 was coated with Sulfinert. The Sulfinert coating is

the leading passivation technique for storage and transfer of

low-level organosulfur containing samples. Sulfinert is a

silica based coating, completely inert to organosulfur com-

pounds, and was applied to the stainless steel surface by the

chemical vapor deposition technique (CVD). Typically,

stainless steel adsorbs or reacts with sulfur compounds such

as hydrogen sulfide, while the Sulfinert layer prevents sulfur

compounds from contacting the reactive stainless steel sur-

face. The low chemical reactivity of the surface, however, is

not necessarily related to its attributes, which contribute to

momentum and energy transfer.

Both tubes were provided by the RESTEK company, and

the details of the fabrication process can be found on the

company website (www.restek.com). The internal diameter

of the microtubes, as given by the provider, was 250 lm

though this value was corrected (third column of Table I) by

comparing the simulated and measured mass flow rate in the

hydrodynamic flow regime, as detailed in Sec. IV. The

roughness of the microtube surfaces was not known.

C. Mass flow rate measurement

Using the constant volume technique, the mass flow rate

through the microtube can be calculated from the equation

of state for an ideal gas by assuming steady state conditions

as

pV ¼ MRT; (1)

where V represents the volume of the inlet or outlet tanks,

R ¼ k=m is the specific gas constant; k is the Boltzmann

constant; m is the molecular mass; and p, T, and M are pres-

sure, temperature, and mass of the gas in a reservoir, respec-

tively. If we assume small variations of the gas properties (p,

M, and T) in a tank, Eq. (1) can be written as follows:

dM

dt
¼ d

dt

pV

RT

� �
: (2)

As was shown in Ref. 9, the relation in Eq. (2) may be trans-

formed into

dM

dt
¼ V

RT

dp

dt
ð1� eÞ; e ¼ dT=T

dp=p
: (3)

If e is small compared to 1, then the ratio dM/dt can be con-

sidered the stationary isothermal mass flow rate _M
exp

through the microtube.

As is clear from Eq. (3), the constant volume technique

requires very high thermal stability, which means that the

relative temperature variations during the experiment must

be much smaller than the relative pressure variations. The

conditions in our experiment were such that the deviation of

the temperature from its initial value was smaller than 0.1 K

during the duration of the experiment. The relative variation

of the temperature, dT/T, was on the order of 2� 10�4 com-

pared to 10�2 for the relative variation of the pressure dp/p.

Clearly, e was less than 2� 10�2 and could be neglected

when calculating the mass flow rate. However, the e value

was added when the uncertainty of the mass flow rate meas-

urements was calculated. Thus, the mass flow rate _M
exp

can

be written with the following form:

_M
exp ¼ V

RT

dp

dt
: (4)

The measurement of _M
exp

was affected by a specific relative

error of 2� 10�2 due to possible temperature variation dur-

ing the duration of the experiment, which was included as

the term DT=T in Eq. (6).

In the expression for the mass flow rate in Eq. (4), the pa-

rameters V and R were known and remain constant during

the experiments. To calculate dp/dt in Eq. (4), we used the

recorded data of the pressure variation, pi, at different times,

ti. This variation was on the order of 61%, and the corre-

sponding data were fitted with a first order polynomial form

using the least square method as follows:

pðtiÞ ¼ ati þ b; (5)

where the slope a of the function pðtiÞ is equal to the deriva-

tive dp/dt, and its value was used in Eq. (4) to calculate the

constant experimental mass flow rate.

The uncertainty of the mass flow rate measurement was

evaluated using the following expression:

D _M
exp

_M
exp ¼

DV

V
þ DT

T
þ Da

a
; (6)

TABLE I. Dimensions of the microtubes. The internal diameter value of 250

lm was given by the provider and this value was corrected using the meas-

urements in the hydrodynamic flow regime (the third column in the table).

The details on the real diameter estimations and their uncertainties are given

in Sec. IV.

Channel Material D ½10�6 m� L ½10�3 m�

T1 Sulfinert 287.11 234061a

T2 Stainless steel 239.73 201361a

aFor the experiments with CO2 gas, the length of the microtubes T1 and T2

were reduced to 9:9660:05 and 10:3360:05 cm, respectively.
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where the uncertainty of the coefficient a ¼ dp=dt was esti-

mated from the standard deviation following the method

used in Ref. 9, and its value was found to be less than 0.5%.

The uncertainty of the temperature measurement was

very small, but we assumed it to be equivalent to the system-

atic error made due to the stationary assumption, which was

previously evaluated to be 2%. The total uncertainty on the

mass flow rate measurement was therefore less than 64:1%

(DV=V ¼ 61:6%, DT=T ¼ 62%, and Da=a ¼ 0:5%).

III. ANALYTICAL SOLUTION IN SLIP REGIME

The continuum approach based on the Navier–Stokes

equation is the widely used for the gas flow simulations. Its

application was extended to the slip regime by implementing

the first and second order slip boundary conditions for the

gas velocity at the wall.19–21 A brief presentation of the ana-

lytical expressions used for the mass flow rate, the velocity

slip and tangential momentum accommodation coefficients

are given below.

Using the first order slip boundary condition, the mass

flow rate through a microchannel with a circular cross sec-

tion can be expressed in the following form:

_M ¼ _MP 1þ 8rp
1

dm

� �
; _MP ¼

pD4Dppm

128lRTL
; (7)

where _MP is the classical Poiseuille mass flow rate, D is the

tube diameter, Dp ¼ pin � pout is the pressure difference,

pm ¼ 0:5ðpin þ poutÞ is the mean pressure, l is the viscosity

coefficient defined in Eq. (9),22 and rp is the viscosity slip

coefficient. The rarefaction parameter d is defined as

d ¼ pD

l

ffiffiffiffiffiffiffiffiffiffiffi
2

k

m
T

r (8)

and is based here on the mean pressure dm ¼ dðpmÞ. For the

viscosity coefficient l, the expression used is defined in the

framework of the variable hard sphere (VHS) model22

l ¼ lref

T

Tref

� �x

; (9)

where x is the viscosity index and depends on the nature of

the gas (see Table II). The reference temperature Tref is equal

to 273.15 K, and the reference values of the viscosity lref for

the different gases are given in Table II.22 The rarefaction pa-

rameter considered in this section is calculated from the mean

pressure between the two tanks, upstream and downstream of

the microtube, and its value ranges from 10 to 4000. This

range covers the hydrodynamic and slip flow regimes.

In this work, the authors have chosen the rarefaction pa-

rameter d in order to characterize the gas flow regime. This

choice is made considering the available numerical data in

the transitional and the near free molecular flow regimes,

presented as a function of the rarefaction parameter in Refs.

23–27. However, originally the definition of various orders

in the slip regime is based on the development of the

Boltzmann equation dimensionless collisional member fol-

lowing the Knudsen number Kn (with Kn < 1)

Kn � 1

d
; where Kn ¼ k

D
¼ kk

d
: (10)

We note that the molecular mean free path k depends on the

intermolecular potential through the viscosity and kk coeffi-

cients (see Table II), while for the rarefaction parameter, the

intermolecular interaction appears only through the viscosity

coefficient.

For the velocity slip and accommodation coefficient

extraction, the analytical expression for the mass flow rate

(7) can be rewritten in a dimensionless form

S ¼ _M= _MP ¼ 1þ 8rp
1

dm
(11)

or in more compact form

ST ¼ BT
0 þ BT

1

1

dm
; with BT

0 ¼ 1; BT
1 ¼ 8rp: (12)

At this point, the experimental mass flow rate data are nor-

malized according to Eq. (11) and fitted using a form similar

to Eq. (12)

Sexp
f ¼ Bexp

0 þ Bexp
1

1

dm
; (13)

where the coefficients Bexp
0 and Bexp

1 are the least-square fit-

ting coefficients.12 When the velocity slip coefficient is

known, notably from identifying BT
1 and Bexp

1 , then the

accommodation coefficient a may be deduced.

The authors of Ref. 28 calculated the values of the veloc-

ity slip coefficient using the Bhatnager–Gross–Krook (BGK)

kinetic model and the Maxwell diffuse-specular scattering

kernel for different values of the accommodation coefficient

a. They proposed a simple expression associating the veloc-

ity slip and the accommodation coefficients, which was later

improved in Ref. 26. In the present work, we use the

improved expression26 to calculate the accommodation coef-

ficient from the experimental values of rpðaÞ

rpðaÞ ¼
2� a

a
ðrpð1Þ � 0:1211ð1� aÞÞ; (14)

where rpð1Þ ¼ 1:016 is the velocity slip coefficient for a ¼ 1

calculated in Ref. 19, using the BGK kinetic model with the

TABLE II. Viscosity coefficient l, the viscosity index x, and the kk coeffi-

cient [Eq. (10)] according to the VHS model for different gases (Ref. 22).

Gas lref ð10�5Pa�sÞ x kk

He 1.865 0.66 0.786

N2 1.656 0.74 0.731

Ar 2.117 0.81 0.684

CO2 1.380 0.93 0.607
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assumption of full accommodation of the molecules at the

wall.

IV. RESULTS AND DISCUSSION

A. Hydrodynamic and slip regimes

The flow of four gases (He, N2, Ar, and CO2) through

microtubes with two different surface materials are studied in

the rarefaction parameter range [10–4000]. The experimental

conditions for both microtubes, T1 and T2, are summarized in

Table III. The pressure ratio P ¼ pin=pout between the

upstream and downstream tanks is fixed at 1.5 in the hydrody-

namic regime, and then it is increased to reach the value of

�4 in the slip flow regime. It was shown in Refs. 12 and 25

that the nondimensional mass flow rate does not depend sig-

nificantly on the pressure ratio, and therefore, this change in

the pressure ratio does not have a large influence on the

extracted velocity slip and accommodation coefficients.

As seen in the previous section, the measured mass flow

rate is normalized according to Eq. (11) and is then fitted

using the first order in 1=dm polynomial form (13), similar to

the analytical expression in Eq. (12). From the comparison

of the two expressions in Eqs. (12) and (13), the coefficients

Bexp
i (i ¼ 0; 1) in Eq. (13) can be expressed with the follow-

ing form:

Bexp
0 ¼ 1; Bexp

1 ¼ 8rp: (15)

Nevertheless, the fitting of the experimental data is car-

ried out without fixing the value of the coefficient Bexp
0 to 1

in Eq. (13), despite the “theoretical value” predicted in Eq.

(11). In the hydrodynamic flow regime when the rarefaction

parameter tends to infinity, the mass flow rate should be

measured equal to the Poiseuille mass flow rate _MP [see Eq.

(7)]. This first fitting is done using the value of the diameter

given by the provider. If we suppose that all measured quan-

tities in the Poiseuille expression in Eq. (7) do not have any

errors excepting the diameter, then the correct diameter may

be calculated from the fitting limit of the measured mass

flow rate in the hydrodynamic flow regime, when dm tends

theoretically to infinity. Thus, canceling the deviation of the

coefficient Bexp
0 from 1 allows us to correct the values of the

tube diameter given by the provider, and the tube diameter is

chosen to find the Poiseuille mass flow rate limit. The values

of the tube diameter as adjusted from the Poiseuille mass

flow rate are given in Table I.

After this first step of diameter value adjustment, the

measured mass flow rate is fitted again with the polynomial

form in the range [10–4000]. The obtained fitting coeffi-

cients and the statistical characteristics of the fitting proce-

dure such as the determination coefficient, r2, the standard

error, Es, and the squared residual sum, sr, are given in

Tables IV and V, for the tubes T1 and T2, respectively. The

squared residual sum, sr, is defined as following:

sr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
n�k

Pn
i¼1 e2

i

q
, where n is the number of the measured

points; ei ¼ Sexp
i � Sexp

fi
is the local difference between the

measured values Sexp
i , normalized according to Eq. (11), and

the fitted values Sexp
fi

[Eq. (13)]; k is the number of the

unknown coefficients of the fitting model, and in our case,

k¼ 2. The standard error is Es ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Pn
i¼1 e2

i

q
=Sexp

m , and here,

Sexp
m is the average value of the measured quantities.

As is clear from the results presented in Tables IV and V,

the procedure to adjust the value of the tube diameter works

well. The values of the Bexp
0 coefficients for all gases are now

very close to their theoretical values of one, even if the di-

ameter value adjustment using the Poiseuille expression is

carried out only for Ar. The deviation of the coefficient Bexp
0

from 1 for all gases does not exceed 1%. Finally, let us note

that by using the hydrodynamic regime for the diameter cali-

bration, we minimize the surface effects and also the

unknown roughness effects. Moreover, the Poiseuille expres-

sion is not modified by the roughness, and a correct

“effective hydraulic diameter” can be determined in any

case.

From Tables IV and V, one can see that the values of the

determination coefficients, r2, are very close to 1, and those

of the residual variance, sr, are smaller than 0.012, which

confirms the quality of fitting for both microtubes T1 and T2.

The maximum value of the standard error made on the fit-

tings is smaller than 1%. Therefore, by analyzing the statisti-

cal characteristics of the fittings, we can conclude that the

fitting expressions of first order terms of 1=dm accurately

represent the experimental data.

TABLE III. Experimental conditions.

Microchannel T1 (Sulfinert) T2 (SS)

Quantity Min Max Min Max

Mass flow rate _M
exp

(10�12kg=s) 6.5 279 000 5.4 403 000

Inlet pressure pin (Pa) 260.8 123 600 397.3 127 450

Outlet pressure pout (Pa) 77.5 78 700 108.1 80 200

Average Knudsen number Knm 2.2 � 10�4 0.092 2.6 � 10�4 0.090

TABLE IV. Experimental coefficients Bexp
0 and Bexp

1 obtained from the first

order polynomial fitting for the microtube T1 (Sulfinert).

Gas Bexp
0 Bexp

1 sr r2 Es

He 0.9876 0.002 9.2826 0.060 0.010 0.998 0.008

N2 0.9886 0.001 10.1816 0.062 0.007 0.998 0.006

Ar 0.9986 0.002 10.1406 0.087 0.011 0.997 0.009

CO2 1.0056 0.002 8.9066 0.060 0.007 0.999 0.006

TABLE V. Experimental coefficients Bexp
0 and Bexp

1 obtained from the first

order polynomial fitting for the microtube T2 (SS).

Gas Bexp
0 Bexp

1 sr r2 Es

He 0.9926 0.001 9.6596 0.041 0.006 0.999 0.005

N2 0.9926 0.001 9.6416 0.049 0.006 0.999 0.005

Ar 1.0026 0.002 9.9946 0.092 0.012 0.997 0.010

CO2 0.9946 0.002 9.6796 0.063 0.010 0.998 0.009
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The values of the velocity slip coefficient, rp, are given in

Tables VI and VII for both tubes. This “experimental” veloc-

ity coefficient is obtained from the fitting coefficient Bexp
1

using Eq. (15). The standard error of the coefficient rp in

Tables VI and VII derives from the fitting error on the coeffi-

cients Bexp
1 and does not take into account the systematic

uncertainty coming from the uncertainties on the mass flow

rate measurements [see Eq. (6)], and the uncertainties related

to the Poiseuille expression in Eq. (7). Globally, we see that

the values of the experimental velocity slip coefficients (see

Tables VI and VII) are different from those obtained theoret-

ically in Ref. 19 (rp ¼ 1:016), showing that the accommoda-

tion is not complete in our experimental conditions.

To analyze the gas properties present in both microtubes T1

and T2 in the range of the rarefaction parameter [10–4000], we

must first recall some results obtained in our previous studies.

We observed in previous measurements9,12,29,30 that, for

monoatomic gases, an increase in the molecular weight causes

a decrease of the TMAC. Furthermore, we noted that in the re-

stricted case of monoatomic gases, the weight and spherical

molecule size are directly related. This led us to suggest that a

large spherical size could increase the molecule specular

reflection by minimizing the effects of the wall asperity or of

the wall structure (roughness and atomic arrangement). The

present results again confirm this tendency for monoatomic

gases under consideration, where again we see that a larger

size of spherical monoatomic molecules leads to a smaller

value of the accommodation coefficient at the wall.

In addition, the present results show that for the polya-

tomic molecules the specular mass effect at the wall is very

moderate (N2 case) or largely inverted (CO2 case). The non-

spherical structure of the polyatomic molecules associated

with the corresponding internal degrees of freedom seems to

favor a random direction of reflection and, consequently, a

diffusive reflection. Furthermore, this diffusive effect is

larger for more complex molecular structures, as seen by

comparing the results in Tables VI and VII for CO2 and N2.

For completeness, we report that the length of the micro-

tubes T1 and T2 were reduced by a factor of 20 when the

experiments were carried out for the carbon-dioxide gas, and

therefore the experimental conditions for this gas were dif-

ferent. In the CO2 experiment, the low pressure measure-

ments of the pressure variations in both tanks become

difficult to be measured with certainty. Therefore, the tube

length was decreased to increase the mass flow rate, and con-

sequently, the pressure variations in the tanks [see Eqs. (4)

and (19)]. We believe this length change does not have a sig-

nificant influence on the interacting law and the accommoda-

tion process.

Comparing the specific results obtained in each tube, we

observe that in microtube T1 the highest TMAC values are

obtained for He and CO2, and the lowest values for N2 and

Ar (see Table VI).

In the microtube T2, however, the stainless steel internal

surface tends to be less diffusive for He and CO2 than the

T1 sulfinert surface (see Table VII). Consequently, the

values of TMAC obtained in the T2 microtube with the

stainless steel internal surface lie in a narrower range

[0.891–0.909], centered close to 0.9, when compared with

the T1 internal surface results. These different accommoda-

tion coefficient values for different tubes may be explained

by the different materials and roughness of the respective

surfaces. An additional element governing these value dif-

ferences may be found by considering the chemical reac-

tive character of the stainless steel surface, because contact

with the stainless steel T2 surface submits each gas to a

physical or chemical influence, and the gas interacting

behavior tends toward the same limit whatever its initial

nature.

In Table VIII, a comparison of our results with the

accommodation coefficients obtained by other authors11,29,31

is given. All experiments are carried out in microtubes, but

with different diameters varying from 25 to 100 lm. The

data treatment was also slightly different in that the second

order term in the 1=d development in the range [3–4000]

was implemented in Refs. 29 and 31, with only the first order

implemented in Ref. 11 and in the present study. Despite the

differences in the experimental setups and the data treatment

used in this study and those of Refs. 29 and 31, a similar

behavior of the TMAC value, which decreases with increas-

ing molecular mass for monoatomic gases, is observed,

though in Ref. 11, the opposite behavior is found.

The different values of TMAC in Table VIII show a high

dependence upon the surface material, though the roughness

of the surface may also play an important role.

Unfortunately, the values of the roughness for the tubes used

in the present experiments are not known.

The development of a second order approach in the rare-

faction parameter range [3–4000] is attempted, but the ex-

perimental data obtained in this range are neither sufficiently

numerous nor homogeneously distributed to allow a perti-

nent statistical treatment. Thus, we cannot extract the theo-

retical coefficient (velocity slip and accommodation

coefficients) with sufficient quantitative reliability. The

required accuracy is all the more important here because our

TABLE VI. Experimental accommodation and slip coefficients for microtube

T1 (Sulfinert).

Gas Molar mass (g/mol) rp a

He 4.00 1.1606 0.008 0.9306 0.003

N2 28.02 1.2736 0.008 0.8816 0.003

Ar 39.95 1.2686 0.011 0.8836 0.004

CO2 44.01 1.1136 0.008 0.9516 0.004

TABLE VII. Experimental accommodation and slip coefficients for microtube

T2 (SS).

Gas Molar mass (g/mol) rp a

He 4.00 1.2126 0.005 0.9076 0.002

N2 28.02 1.2056 0.006 0.9096 0.003

Ar 39.95 1.2496 0.012 0.8916 0.005

CO2 44.01 1.2106 0.008 0.9076 0.003
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investigation shows qualitatively a very significant second

order in this range.

B. Transitional and near free molecular flow regimes

The transitional and free molecular flow regimes are the

most complicated regimes from the experimental point of

view. In these regimes, in addition to the problems of leak-

age and outgassing (see Sec. II A), the detection of flow pa-

rameters and especially the pressure variation in the tanks

becomes difficult and requires highly sensitive pressure

transducers. For example, for the nominal outlet tank pres-

sure of 14.2 Pa, the pressure varies about 0.28 Pa during the

experimental time of t ¼ 250 s. In our experimental setup,

we use an extremely sensitive pressure transducer with a full

scale resolution of 1:5� 10�5 and a response time of 30 ms.

In contrast to the slip flow regime for the transitional re-

gime, an analytical expression for the mass flow rate does

not exist in the literature. Numerical results for the mass

flow rate obtained by using different kinetic models may be

found in Refs. 23–27.

In this paper, we use numerical results for the mass flow rate

in the transitional and free molecular flow regimes obtained

from the linearized S-model kinetic equation27 for diffuse reflec-

tion (a ¼ 1) and for diffuse-specular reflection (a is different

from 1) at the wall. The solution of the linearized kinetic equa-

tion is obtained under two main assumptions: first, the tube di-

ameter D is small compared to the tube length L (D� L); and

second, the dimensionless pressure gradient along the tube is

small compared to one. The second assumption is not satisfied

in our experiments, because the pressure ratio between inlet and

outlet tanks varies from 1.5 to 4. However, in Ref. 25, it was

shown that the linearization of the kinetic equation may be done

under the less restrictive condition of

D

L

pin � pout

pm
� 1; for dm � 1: (16)

This restriction is fulfilled in our experimental conditions,

which allows us to use a portion of the results obtained in

Ref. 27, where the numerical values of the dimensionless

mass flow rate

GPðdÞ ¼ �

ffiffiffiffiffiffiffiffiffiffiffi
2

k

m
T

r

pðD=2Þ3dp=dz
_M; (17)

are given as a function of the rarefaction parameter d,

defined by Eq. (8). To obtain a dimensionless mass flow rate

characterizing each experiment, however, we cannot directly

apply the results of Ref. 27 using Eq. (17) because the rare-

faction parameter d and the pressure vary along the channel.

To take into account the rarefaction parameter variations

along the tube, we can integrate Eq. (17) along the micro-

tube, as proposed in Ref. 25

G ¼ 1

dout � din

ðdout

din

GPðdÞdd; (18)

where din and dout are the values of the rarefaction parameter

corresponding to the pressure in the inlet and outlet tanks,

respectively. The dimensionless mass flow rate G is related

to the dimensional rate in the following way:

G ¼
L

ffiffiffiffiffiffiffiffiffiffiffi
2

k

m
T

r

pðD=2Þ3ðpin � poutÞ
_M: (19)

The approach described above successfully implemented

in Ref. 29, where the comparison with a simpler approximate

formula25

G ¼ GP
din þ dout

2

� �
¼ GPðdmÞ; (20)

was also fulfilled and a very good agreement between the

results obtained from Eqs. (18) and (20) was found.

Therefore, in the present paper, we compare the experimen-

tal results Gexp in the dimensionless form from Eq. (19) with

the numerical results derived from Ref. 27, where the influ-

ence of the pressure and d variation along the axis are taken

into account according to Eq. (20). In this way, we deduce

the most appropriate “experimental” value of the accommo-

dation coefficient.

1. Results in the transitional regime

The dimensionless mass flow rates (experimental and nu-

merical) through the microtubes T1 and T2 are presented in

Figs. 2 and 3, respectively, as a function of the mean rarefac-

tion parameter dm, calculated according to Eq. (8) for the

mean value of the pressure between the inlet and outlet

tanks. The minimum values of the mean rarefaction parame-

ters reached experimentally are different for each of the

working gases (He, N2, and Ar). This difference is essen-

tially due to the difference in the molecular mass of each

gas, so that for the same value of pressure, the rarefaction

parameter for the lighter He gas is approximately 3 times

TABLE VIII. TMAC obtained from the present experiments and from Refs. 11, 29, and 31.

Material Helium Nitrogen Argon

Porodnov et al. (Ref. 11) Glass 0.895 6 0.004 0.925 6 0.014 0.927 6 0.028

Ewart et al. (Ref. 29) Silica 0.986 6 0.009 0.981 6 0.041 0.942 6 0.017

Perrier et al. (Ref. 31) Silica 1.00 6 0.019 0.961 6 0.005 0.954 6 0.010

Present results (T1) Sulfinert 0.930 6 0.003 0.881 6 0.003 0.883 6 0.004

Present results (T2) Stainless steel 0.907 6 0.002 0.909 6 0.003 0.891 6 0.005
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smaller than for Ar. This trend changes in the case of CO2,

however, where the smallest rarefaction parameter is on the

same order as He, especially for the T2 tube, even though its

molecular mass is 11 times greater. This is due to the

reduced length of the tubes (see Table I) used in the CO2

measurements, which allows the mass flow rate through the

tube to remain detectable for the smallest CO2 outlet pres-

sure values.

The analysis of the experimental data in the entire range

of the rarefaction parameters may be explained in several

steps. The first step is the choice of a fitting curve form. We

propose to fit the numerical data of the reduced mass flow

rate, G, obtained from the numerical data, given in Ref. 27,

using the procedure described in Ref. 25 and pointed out in

Eq. (20), in the form

FðdmÞ ¼ A1d
2
m þ A2dm þ A3 þ A4

1

dm
þ A5

1

d0:5
m

þ A6

1

d0:1
m

þ A7

1

d0:01
m

; (21)

where the rarefaction parameter varies from 0.001 to 100.

The accuracy of this interpolation calculated as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i

ðFðdmÞ � GPðdmÞÞ2
r

(22)

does not exceed 1%. The numerical data in Ref. 27 are avail-

able only for a ¼ 0:8 and 1. We obtain the fitting curves for

the intermediate values of the accommodation coefficient of

0.85, 0.875, 0.9, 0.925, 0.95, and 0.975 using a linear inter-

polation between the results calculated for a ¼ 0:8 and 1 for

a fixed value of dm. In this way, we acquire the fitting results

for the reduced mass flow rate corresponding to eight accom-

modation coefficients. The second step is fitting the experi-

mental data of each gas using the form of data representation

shown in Eq. (21) to obtain the Aexp
i coefficients

FexpðdmÞ ¼ Aexp
1 d2

m þ Aexp
2 dm þ Aexp

3 þ Aexp
4

1

dm

þ Aexp
5

1

d0:5
m

þ Aexp
6

1

d0:1
m

þ Aexp
7

1

d0:01
m

: (23)

The numerical results corresponding to the eight accommo-

dation coefficients acquired by the Eq. (21) fit are integrated

over the entire dm range. Similarly, the fit of the experimen-

tal data for each gas using Eq. (23) is integrated over the

same dm range. Finally, we compare the “experimental inte-

gral” value of each gas with all eight “numerical integrals.”

In this way, we determine which accommodation coefficient

value is closest to each gas experimental data value, and

thereby we find the “experimental” accommodation coeffi-

cient of each gas, (see Table IX). As we can conclude from

Table IX, the accommodation coefficients found in the slip

flow regime and in the whole experimental range (from

hydrodynamic to the transitional flow regimes) are globally

in good agreement.

The experimental data points of N2 and Ar obtained for

the microtube T1 (see Fig. 2) are similar and are situated

higher than the data points for He and CO2, which confirms

the results obtained in the slip regime, showing that the

FIG. 2. Dimensionless mass flow rate G as function of the mean rarefaction

parameter dm for microtube T1.

FIG. 3. Dimensionless mass flow rate G as function of the mean rarefaction

parameter dm for microtube T2.

TABLE IX. Experimental accommodation coefficients for microtubes T1

(Sulfinert) and T2 (stainless steel) obtained in the slip regime (a1), and in the

entire rarefaction range (a2).

T1 T2

Gas a1 a2 a1 a2

He 0.9306 0.003 0.9756 0.025 0.907 6 0.002 0.95 6 0.025

N2 0.8816 0.003 0.906 0.025 0.909 6 0.003 0.90 6 0.025

Ar 0.8836 0.004 0.906 0.025 0.891 6 0.005 0.90 6 0.025

CO2 0.9516 0.004 0.9756 0.025 0.907 6 0.003 0.95 6 0.025
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accommodation coefficients are lower for Ar and N2 than for

He and CO2.

The experimental data points of all gases in the microtube

T2 (see Fig. 3), obtained for dm > 8, lie between the curves

for a ¼ 0:9 and 1. When dm is less than 8, a significant devi-

ation is observed for N2 and Ar, but for He and CO2 the ex-

perimental data points continue to follow the same curve,

a ¼ 0:9. This is in agreement with the results found in the

continuum analysis for T2, where the accommodation coeffi-

cient was found in a very narrow range for all gases. The

results shown here again confirm a similar TMAC value for

the He/CO2 couple and the N2/Ar couple. Moreover, we

again find a lower TMAC value for the N2/Ar couple in the

most rarefied domain.

The values found with the analysis in the transitional re-

gime using the S-model kinetic equation are slightly higher

than the values found in the continuum regime. Nevertheless,

the analysis made in the transitional regime globally confirms

the qualitative and quantitative results of TMAC found with

the continuum approach, and therefore the same TMAC value

can be generally applied in all flow regimes.

V. CONCLUSION

The experimental investigation of the flow through circu-

lar microchannels is presented. The constant volume tech-

nique is used to measure the mass flow rates of the gases

(helium, nitrogen, argon, and carbon-dioxide).

The continuum approach (Navier–Stokes equations) asso-

ciated with the first order velocity slip boundary condition is

used in the slip flow regime to obtain the experimental ve-

locity slip and the tangential momentum accommodation

coefficients based on the Maxwell diffuse-specular kernel.

The results for the slip and accommodation coefficients

are compared to the results obtained by other authors.

The transitional and near free molecular regimes are also

investigated experimentally and the experimental results

obtained are compared with a linearized S-model kinetic

equation for different TMAC at the wall.

A first attempt to obtain the values of the accommodation

coefficients in the entire range of the gas rarefaction is

undertaken. The results show a good agreement globally of

the two different approaches for the TMAC extraction.

Consequently, the results for the accommodation coefficient

are similar for the entire range of the gas rarefaction.

For monoatomic molecules, the accommodation coeffi-

cients increase when the molecular mass decreases. In addi-

tion, for the polyatomic molecule, the molecular structure

complexity seems to cause the accommodation coefficient to

increase.

The effect of the surface material on the gas–solid surface

interaction is highlighted by comparing the values of the

accommodation coefficients of two surface materials

(Sulfinert and stainless steel). In the T2 tube, the various

TMAC values lie in a narrower range than in the Sulfinert

tube (T1), and this change is obtained through a decreasing

diffusivity of the reflection for He and CO2. Otherwise, the

stainless steel (T2) tends to reduce significantly the specificity

of the different gases in the gas–surface reflection.
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