ISSN 2312-2897. BicHuk [IHinpoBCcbKoro yHiBepcuteTy. Cepia: MexaHika. Ne5. T.28.2020.Bun. 24

UDK 622.411.332.533.17

V.0. Syasev, U.L. Tezik, O.V. Kravets

DOI: 10.15421/372007
Oles Honchar Dnipro National University

INVESTIGATION OF FLOW REGIMES OF AIR-HELIUM MIXTURES
DEPENDING ON MICROCHANNEL RADIUS
WITH LARGE PRESSURE GRADIENT

IToka3aHo akTyaJbHiCTH icCHYI04O0i B XimiuyHili Ta MamMHOOYAIBHIN rajy3six IPOMMCJIOBOCTI
npodaemMu HajiliHOI repMeTH3anii yCTAHOBOK, arperartis Ta 00’€KTiB, fAKi eKCILIYaTylOTbCSl NPOTATOM
TPHUBAJIOTO Yacy Ta MPaniol0Th 3 arpeCHBHAMU cepenoniamu . HaBeaeno pi3HOBHAM OCHOBHHX THIIiB
npuaajgiB  Ajds BHSBJIeHHsl Tedil 3 BHKOPHCTAHHAM TeCTOBOI PeYOBMHHM; IOKA3aHO IiepeBaru
BUKOpHCTaHHA redilo. CdopmynsoBaHa 3agaua [Jocjail:KeHHsl Tedvil rasiB Kkpi3s Mikpokanan 3
ypaxyBaHHSIM 3MiHH pe:kMMiB Teuii. B po0ori BM3HAuyeHO rpaHMIi Nepexoay MoJIEKYJSIPHOIO Ta
B’fI3KiCHOTr0 pe;kuMiB Tedii 1JIs1 MOBITPSHO-Te/TieBUX cyMmilleil B 3a1€:KHOCTI BiA pajaiycy mikpokaHaay
Ta mepenany THCKY, 2 TAKO0K BCTAHOBJIEHO 3QJ1€KHICTh 3MiHU FPAaHULIL MOJIEKYJISPHOTO Ta B A3KiCHOr 0
pexuMiB Big BiAcOTKOBOro BMicTy moBiTps i reiilo. JlociainkeHHsi nmpoBeleHO B i3oTepMiuHii
NMOCTAHOBLI /I [BOX BapiaHTIB CcKJaly HNOBiTPAHO-redi€eBoi cymimi, n‘aTH 3HaveHb Ppaaiycis
MiKpOKaHAIy Ta mepenajy THCKY, IO BapiloBaBcsi B IIMPOKHX MeKaxX: 3 THCKOM Ha BHXOAi 3

mikpokanaay P, = 1-10517a Ta THCKOM HAa BXOXi P1=(1.2+81)~105 Ila . HaBeneno wmeron

PO3PaxyHKY 3 NOCHJIAHHAM HA OpHTriHAJbHI J:kepena Jjiteparypu Ilyaseiins, Xarena, Knyiacena ta
iHIIMX aBTOPiB, AKi 10CJTIIKYBATU 03HAYEHY MP0O/IeMy. 3 MeTOI0 BUBHAYEHHS IPAHULb Mepexoay Tedil
ray B MiKpokaHaji Bill 0IHOro pe:kuMy Tedii 40 iHIIIOr0 HaBeJeHO METOAUKY BU3HAYEHHS IPaHULb
nepexoiy pexuMiB, 32 SIKOI0 Mo0y10BaHo rpadiku, HaBedeHi B po0oTi. B pesyabrarti pociaimkenns
OTPUMAHO, 110 MPH 3MeHIIeHHi paaiyca KaHAJy I'PAHHUIS Mepexoay Bil MOJIEKYJSIPHOTO Pe:KUMY Tedil
J10 IPOMI’KHOT0 3MiILY€ThCsA B 0ik 3MEHIICHHs] BeJIUYMHH NMOTOKY; TAKHM K¢ YHHOM, B OiK 3MEHILCHHS
BeJIMYMHHU NMOTOKY BiI0yBa€eThes TaKOXK 3MillleHHsI TPaHHLI Nlepexoay Bil NPOMIZKHOI0 pe:kuMYy Tedii 10
B’si3kicHOTO. Opep:kaHi pe3yJIbTaTH 03BOJISIIOTH NPOBECTH AaHAJI3 XapaKTepy BIUIMBY paiiyciB
MiKpOKaHaiB Ha pe;KHUMU Tedil cymileli yepe3 MiKpokaHaJl B 3aJIe3KHOCTI Bil mapameTpiB moroky. Ha
OCHOBi OTPUMAHUX AAHMUX MPH KOHTPOJi MPHJIALIB Ta YCTAHOBOK HA repMETHYHICTH MOKHA 00MPATH
NOBITPAHO-TeTi€BY CyMilll, KA KOHTAKTY€ 3 arpeCHBHMMH cepeJOBHIIAMHU NPH BeJIMKHX Nepenagax
THCKY.

KmrouoBi cioBa: 1OTiK, B’S3KICHHII Ta MOJIEKYJIAPHUH pPEXUM, TOBITPSHO-TENiEBAa CyMIll,
IWTIHAPUYHUHA MIKpOKaHaj, B’SI3KiCTh CyMillli, 00’ eéMHa J0JIsl, IEpexXiHUH PEeXUM, Tepenaj TUCKY, pajiyc
MiKpOKaHay.

Introduction. The existence of chemical and machine-building industries requires a
solution to the problem of reliable sealing of plants, units and facilities that are operated
for a long time and work with aggressive environments. Experience shows that with
prolonged contact with such devices with aggressive or toxic substances may leak gases
through micro-leaks in welded or detachable joints, as well as — leakage through the walls
of the base material. Evaporation of aggressive substances penetrating through the micro-
leaks leads to air pollution production facilities, acceleration of corrosion processes and
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failure of devices and units of technological equipment, as well as poses a threat of
poisoning working staff.

The advent of sophisticated vacuum and refrigeration equipment has led to the
emergence of accurate instrumental methods for detecting leaks using test substances;
there are two main types of devices: freon and helium.

Helium is an inert gas that provides not only accuracy, but also the durability of the
leak detector, as well as a high level of safety in operation. Due to the low density of the
gas and the small diameter of the molecules, high fluidity, this gas can penetrate into
holes with radii of the order of some microns. It should be noted also one more advantage
of use of helium: in air its maintenance is very small therefore on results of measurements
the external environment will not affect.

Thus, it is important to study the change in the flow regimes of air-helium mixtures
in microchannels depending on the radius of the channel, as well as construction of
dependences of the influence of flow boundaries and the magnitude of the pressure drop
on the radius of the channel.

Formulation of the problem. The limits of transition of molecular and viscous flow
regimes for air-helium mixtures depending on flow parameters (microchannel radius and
pressure drop), as well as the dependence of changes in the boundaries of molecular and
viscosity modes on percentage of air and helium are obtained.

Given a cylindrical channel with a constant length 1=3.3-10x and at constant
temperature T =300°K and at different pressure drops AP =P, —P, : with the pressure at

the outlet of the microchannel P, = 1.10°77z and inlet pressure P, =(1.2+81)-10° /7a . It is
necessary to determine the degree of influence of the radius of the microchannel on the
change of the boundaries of the transition of flow regimes.

The composition of the air-helium mixture varied as follows:

a) 90% air + 10% helium;

b) 70% air + 30% helium.

In the calculations, the radii of the microchannels were:

35-10'm, 5-10'm, 7-10'm, 1-10°m, 1.5-10 °m.
Physical properties of helium and air:

. k .
helium: x =4.003 —9_: ;7:1.9-10’5ﬂ;
kmole m?2
. Kg 5 H-c
air: u =28.986 ; n=181-10 .
kmole m

Calculation method. The first theoretical study of the motion of a viscous fluid in
channels and pipes of small diameter was performed by Poiseuille [7, 8] and Knudsen [6],
as well as in parallel and independently — Hagen [5]. The relations for the calculation of
costs in the viscous mode were obtained by Poiseuille, and in the molecular and transient
mode — by Knudsen. In this case, Knudsen studied the movement of gases at low pressure
(below atmospheric), while in practice there is a need to expand the range investigated

flows at high excess pressures (10° Pa and more).
It has been experimentally established [4] that the flow of gas through the
microleakage depends on several factors: the pressure in the microleakage channel, the
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pressure external environment, physical properties of gases, geometry and size of micro-
leaks, as well as modes of gas flow in microchannels.

The parameters of gas flow in the channels for a wide range of pressure drops are
determined by both the physical properties of the gases and the magnitude of the effective
pressure. There are several different flow modes, which are characterized by the Knudsen
test (Kn=A/r), which is the ratio of the free path length gas molecules A to the

characteristic size of the channel, such as its radius I .
There is the following classification of modes depending on Knudsen's number:
1) Kn <0.01 — viscous flow;
2) Kn>1 — molecular flow;
3) 0.01 <Kn <1 — intermediate mode.
In turn, the intermediate is divided into:
1) 0.01<Kn<0.5 — gas flow regime with sliding;
2) 0.5<Kn <1 — transient (from sliding mode to molecular).
Knudsen's formula [4] was used for calculations, which was obtained semi-
experimentally for the transient mode, namely:

d
I+ ———"Ppyig
4 (R, T/ 3
w-r n ( VH ) H 4r
Q"= 8'_77'|.Pmid+ 12354 'ETVZ'”'T'R(Pl—Pz) (1)
I+ ————Pnig
U'\/(Ryu 'T)/,u
or
Q"=Q%+z-Q", ()
1+ d P
T ——————— mid
n\'(RynT)//u
where z= .
1+ 1,235-d

—'Pmid
ﬁ'\’(RyH T)/ﬂ

To determine the magnitude of the gas flow at viscous and molecular flow
regimes used the formulas [2, 3]:

.d4
QB=1;ZS.U.I'Pmid'(P1—P2); (3)

3 |27 Rig T
QM :%J”Tm"’(a—m. 4)

The molar mass of the mixture p was determined by the formula [1]:

2
M= 2000 1y = The M + Tair * Hair
i=1
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where I'he » Mair — the proportion of helium and air in the mixture, respectively;
HUHe» Mair — Molar masses of helium and air, respectively.
Mann's formula was used to calculate the viscosity of the mixture n:
y = 1 1
2 i The + lair
iz THe Tair

where 771,77,y — are the coefficients of dynamic viscosity of helium and air, respectively.
At a constant temperature of the gas in the microchannel for two different
pressure drops AP, and AP, (with the corresponding Py, and Py, ), using (3, 4), will be

true correlation:

Q5 Pyp2(P—Pa)y  Py00P,

)
QE  Ppu(P-P)y  PuAR

(5)

Q' _(P-P), AP,
QM C(R-P) AR ©)

Methods for determining the boundaries of the transition regimes. To
determine the boundaries of the transition from one flow regime to another, the
dependence was built logarithmic scale Q =f(AP), then set the sequence of values of

pressure and pressure drops. To find the boundary of the transition from viscous to
transient mode, the upper end of the curve was constructed dependence (5), where

P +P
Pcp:%! (7)

and P,— a given constant value. For another pressure drop from this dependence we find
Q,, because all other quantities are known. Knowing the coordinates of the second point
(Q,,AP,), plot it on the graph. Similarly, find Q; and determine the third point (Qs,AP;)

for the next pressure drop. Through the found points we build a straight line, which will
be tangent to the curve describing the dependence of the flow power on the pressure drop
in the viscosity mode. When the error between them begins to grow and reaches one
tenth, we can consider the flow regime transient, and the point with these coordinates will
be the point of divergence of the calculated curve with the dependence (5), which is the
boundary of the transition from viscous to transient mode.

To determine the boundary of the transition from the molecular to the transient
mode from the lower end of the curve, the dependence (6) was constructed, where the
starting point the first point of the curve with coordinates ( Q;,AP,) was chosen. Knowing

also the value of the pressure drop AP, , we find Q, . Similarly, we find the third point,
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then build straight. The point where the discrepancy of the dependence (6) on the
calculated curve begins will be the boundary of the transition from the molecular to the
transition mode.

Results. In Fig. 1 and Fig. 2 in logarithmic coordinates are graphs of the
dependence of the flow rate Q on the pressure drop AP for the studied two variants of air
helium mixture when varying the radius of the microchannel: r; = 3,5-10"m; r; = 7-10’m
(Fig. 1) and rs = 1,5-10%m (Fig. 2). Curve 1 corresponds to the calculations for ratio (2);
curves 2 and 3 are calculated using relations (5) and (6), respectively. The method of
constructing curves in Fig. 2 is similar to construction curves in Fig. 1.
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Fig.1. Graph of the dependence of the flow Q on the pressure drop for:
a,Cc—90% air + 10% He; b,d —70% air +30% He;
ab-ri=3510"m; c¢,d-rs=710"m
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Fig.2. Graph of the dependence of the flow rate Q on the pressure drop
for rs = 1,5-10°m: a — 90% air + 10% He; b —70% air + 30% He

Figure 3 illustrates the curves of the pressure drop on the radius of the
microchannel r: AP, = AR, (r) — at the molecular regime and AR, = AR, (r) — at the viscous

flow regime for two variants of air-helium mixture.
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Fig.3. Graph of the pressure drop dependence on the radius of the microchannel for 10% and
30% of the mixture by He: a — at the molecular mode; b — in viscous mode
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Figure 4 presents graphs of the dependence of the mode boundary on the
percentage of helium in the mixture for the values QB and QM, where Q¢ is the final
value of the molecular flow, in which the molecular flow regime becomes intermediate;
Q" — the initial value of the viscosity flux at which the intermediate the flow regime
changes to viscous.
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Fig.4. Graph of the dependence of the flow rate on the radius of the microchannel for 10% and
30% of the mixture by He: a — Q'\’I i b— QB

Conclusions. The analysis of the conducted researches (Fig. 1-4) shows that at
decrease in radius of the channel there is a shift towards decrease in size of a stream Q:
the boundaries of the transition from the molecular flow regime to the intermediate, as
well as the boundaries of the transition from the intermediate flow regime to the viscous.
The pressure difference at decreasing the radius of the channel is shifted in the direction
of its reduction.

The obtained results allow to analyze the nature of the influence of the radii of
microchannels on the modes of flow of mixtures through the microchannel depending on
flow values.
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