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ABSTRACT

A choked flow has been extensively investigated ¢le years under the condition that the inlet guess is
preserved at a specific (atmospheric) pressurdgtenack pressure is decompressed. On the othdr ima
the case of atmospheric back pressure and theefuirticrease in inlet pressure, the gas velocityoivec
limited whereas the mass flow rate (Reynolds nujnkeeps on increasing. In this situation the autle
pressure of the channel is higher than the badspre and the flow becomes under-expanded. Hovirever
the case of microchannel gas flow, details of cdofender-expanded) gas flow at the microchanndebut
are still unrevealed because of measurement lionist

Fortunately for an adiabatic microchannel gas flawgas static temperature estimation at the oaflet
micro-channel can be done using a quadratic equatioposed by Kawashima and Asako [1]. A new data
reduction methodology for the average friction éactalculation between the inlet and the outletstaering

the effect of a decrease in gas temperature has teecloped by Hong et al. [2]. Rehman et al. [3]
experimentally and numerically investigated therage friction factor along adiabatic microchannsith
compressible gas flows including choking flow regim They reported that both the assumption of perfe
expansion and consequently wrong estimation of aeertemperature between inlet and outlet of a
microchannel can be responsible for an apparem¢ase in experimental average friction factor inke
flow regime.  Kawashima et al. [4] investigatednarically the Mach number and pressure at outkatepl

of a straight microtube for both laminar and tudmilflow cases. They found that the Mach numbéhet
outlet plane of the choked flow depends on the wibeneter and ranges from 1.16 to 1.25. Kang.dbhl
experimentally and numerically investigated aver&ggion factor under the situation of choked (end
expanded) gas flow in adiabatic micotubes. In orie maintain adiabatic condition from microtube
exterior to the surrounding environment, their miabe exterior was covered with foamed polystyrene.
However, the heat loss from the microtube was waluated qualitatively even though they obtainéctim
factor and gas temperature under the assumptiadiabatic condition.
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In this article, we describe a combined analysisnfamerically and experimentally obtained averagsidn
factors of choked gas flow through adiabatic migbets. Experiments are performed for microtubef wit
249 and 528.9 mm in diameter, by varying the aspsa (i.e. length/diameter) from 100 to 200. .Flg
shows a schematic diagram of an experimental sefilpe gas used in this experiments is a nitrog&he
microtubes were installed in a vacuum chamber twdalieat transfers by natural convection from agtsf
the test section. The chamber was evacuated bguwuwmn pump in advance to maintain the inside pressu
low. The outer wall temperature was measured laythg&rmocouples (bare wire type-550um) attached
to the micro-tube outer wall at two locations aldhg length with a high conductivity epoxy. Anriafed
thermo-camera (FLIR Systems, FLIR C3) will be alsed to measure the outer wall temperature. In the
present study, the measure of adiabatic condisajqualitatively evaluated by measuring wall tempees
since the wall temperature in adiabatic microtueehsimilar trend with that of the gas temperasirengly
depending on gas velocity.

In order to make a comparison with the experimemgsiiits, numerical computations based on the ranyit
Lagrangian-Eulerian (ALE) method were also condiidier a fused silica tube dd = 249 mm whose
boundary conditions are identical to the experirakenonditions. In order to capture the under-espan
characteristics of the flow during choking, the gaational domain is extended in the downstreanoreg
beyond the microtube outlet as shown in Fig. 2.defailed description of the numerical computatewell
documented in the previous work [4]
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Figure2: Schematic diagram of a calculation domain

The preliminary experiments were conducted befloestést section is installed in a vacuum chamb&he
average Fanning friction factors between the imletl outlet,f; . for all tubes were obtained by the
following equations [2].
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Figure4: Average friction factor vRefor D = 528.9um

The values of; ave Obtained from Eq. (3) are plotted in Figs. 3 arabk4 function of Reynolds number. The
solid line and dotted line in the figures represiet values obtained by the theoretical formaila 64/Re)
andf = 0.3164R&* (Blasiuscorrelation) for the incompressible flow, respeely. As can be seen in the
figures the flow transits from laminar flow to twibnt flow in the range of 2000 Re< 4000 the same as
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conventional sized tubes. In the laminar flow megiion Figs 3 (a) and (b), the valued:af. deviate more
and more from that of an incompressible flow with iacreasing in Reynolds number because of the
compressibility effect. In the case of the turlml@ow regime before flow choking (unchoked turdod
flow regime) on Figs. 3 and 4, the valuesfiaf.c nearly coincide wittBlasiusequation. However, in the
case of the turbulent flow regime after flow chakifchoked turbulent flow regime), the valuesfofye
obtained under the assumption mf= pam deviate in the lower direction fromlasius equation with an
increase in Reynolds number since the assumptips.ef pam is not valid for a choked flow. At the outlet,

Mach number with the equation of state and mass fiige per unit areaG (kg/(s nf)) can be rewritten as

Maout - uout - G R":)Ut (3)
\/}'R-I;ut Pout 14
And the following equation can be obtained for diabatic channel flow
- 2y
= — @)

T
o (y_l)Magut +2
Then, the outlet pressure is

R . .
o Maout 4 Maout y[(y_l)Magut-"Z]

If the outlet Mach number is given, the outlet ptee and temperature can be determined from equgt)o
and (5). Kawashima et al. [4] reported the aversigeh number at the outlet plane of the choked flow
depends on the tube diameter and proposed a dmretar the average Mach number at the outlet glain
the choked flow as

My aveghoke = 116X10°D? = 279D + 127 (6)

Thereforef; ave Was obtained with substituting.: determined by equation (5) into equation (1) Tadues

of f; ave Were also plotted in Figs. 3 and 4 with red symbolThe values on Figs. 3 (a) and (b) is slightly
lower thanBlasiusequation and the values on Figs. 4 (a) and(b) stirmoincide withBlasiusequation. As

a result of that, when the flow is choked, the galscity (Mach number) and gas temperature at thkeb
remain unchanged, and the outlet pressure is hitiagr the back pressure (atmospheric pressure)amith
increase in Reynolds number. However, the outleiperature obtained under the assumptiopb@ Pam
does not remain unchanged rather steeply decreaBestefore in the choked turbulent flow regimeg th
arithmetic average gas temperature between thieainteoutlet decreases afge decreases.

As mentioned aboveMaout,avechokeCONsidering flow choking is a specific value regmeted as a function of
the tube diameter [4]. The outlet pressure detserhibyMaoutave chokelS higher than atmospheric pressure
and the outlet gas temperature determined by itmsnunchanged. Theffiae is slightly lower than
Blasiusequation or nearly coincide wiBlasiusequation.

However, in actual situation, the outlet gas terapge increases or decreases depending on the- Joule
Thomson coefficient when an adiabatic (isenthalpiesicrotube works by discharging gas into the
atmosphere under an increasing inlet pressure.refidre, flow characteristics of a choked gas flowmotigh
adiabatic microtubes in the vacuum chamber wiltdgorted at the conference.
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