University of Rhode Island

DigitalCommons@URI

Mechanical, Industrial & Systems Engineering

Faculty Publications Mechanical, Industrial & Systems Engineering

9-22-2020

Average Friction Factors of Choked Gas Flow in Microtubes

D. Kang
Kagoshima University

C. Hong
Kagoshima University

D. Rehman
Alma Mater Studiorum Universita di Bologna

G. L. Morini
Alma Mater Studiorum Universita di Bologna

Y. Asako
Universiti Teknologi Malaysia Kuala Lumpur

See next page for additional authors

Follow this and additional works at: https://digitalcommons.uri.edu/mcise_facpubs

Citation/Publisher Attribution

Kang, D., C. Hong, D. Rehman, G. L. Morini, Y. Asako, and M. Faghri. "Average Friction Factors of Choked
Gas Flow in Microtubes." Journal of Physics: Conference Series 1599, 1 (2020). doi: 10.1088/1742-6596/
1599/1/012018.

This Conference Proceeding is brought to you by the University of Rhode Island. It has been accepted for inclusion
in Mechanical, Industrial & Systems Engineering Faculty Publications by an authorized administrator of
DigitalCommons@URI. For more information, please contact digitalcommons-group@uri.edu. For permission to
reuse copyrighted content, contact the author directly.


https://digitalcommons.uri.edu/
https://digitalcommons.uri.edu/mcise_facpubs
https://digitalcommons.uri.edu/mcise_facpubs
https://digitalcommons.uri.edu/mcise
https://digitalcommons.uri.edu/mcise_facpubs?utm_source=digitalcommons.uri.edu%2Fmcise_facpubs%2F197&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.1088/1742-6596/1599/1/012018
https://doi.org/10.1088/1742-6596/1599/1/012018
mailto:digitalcommons-group@uri.edu

Average Friction Factors of Choked Gas Flow in Microtubes

Creative Commons License

This work is licensed under a Creative Commons Attribution 3.0 License.

Authors
D. Kang, C. Hong, D. Rehman, G. L. Morini, Y. Asako, and M. Faghri

This conference proceeding is available at DigitalCommons@URI: https://digitalcommons.uri.edu/mcise_facpubs/
197


https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by/3.0/
https://digitalcommons.uri.edu/mcise_facpubs/197
https://digitalcommons.uri.edu/mcise_facpubs/197

Journal of Physics: Conference Series

PAPER » OPEN ACCESS You may also like

. . . - Predictable fabrication of pre-made
Average Friction Factors of Choked Gas Flow in st ioat it o s e
aggregation using needle-in-needle

M ICFOtU beS devices

Matthew Jorgensen, Ashley Gibbons,
Kevin Sui et al.

To cite this article: D Kang et al 2020 J. Phys.: Conf. Ser. 15699 012018 - Rolled-up SiO./SiN._microtubes with an

enhanced quality factor for sensitive
solvent sensing

Pengfei Song, Cheng Chen, Juntian Qu et
al.

View the article online for updates and enhancements. - Electrochemical and Transport Properties

of Templated Gold/Polypyrrole-Composite
Microtube Membranes

Katsumi Yamada, Rahela Gasparac and
Charles R. Martin

Connect with decision-
makers at ECS

Accelerate sales with ECS exhibits,
sponsorships, and advertising!

} Learn more and engage at the 244th ECS Meeting!

This content was downloaded from IP address 68.14.159.88 on 20/07/2023 at 14:07


https://doi.org/10.1088/1742-6596/1599/1/012018
/article/10.1088/1758-5090/abfd7b
/article/10.1088/1758-5090/abfd7b
/article/10.1088/1758-5090/abfd7b
/article/10.1088/1758-5090/abfd7b
/article/10.1088/1361-6528/aad0b1
/article/10.1088/1361-6528/aad0b1
/article/10.1088/1361-6528/aad0b1
/article/10.1088/1361-6528/aad0b1
/article/10.1088/1361-6528/aad0b1
/article/10.1088/1361-6528/aad0b1
/article/10.1149/1.1629097
/article/10.1149/1.1629097
/article/10.1149/1.1629097
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsuaApn-5dHMMFNywy31aGcOATYJRUQ3_YXuszc8iVTqz10IIkZK9c88kR0wTAdCYHn68udDooU1NdSqSWfFnnkoN9ePPycdPZYaJO7m6rUSur4C_ZNrQW1bR4a5r9WIdHmR-_vJBIMeIWPDiN0-IujMhEicDi6VRXSeNSUBtjxKlNQWRr0buxZmSmDLl9WoMxvXKkMAgqwQ0k0BqYPpHEGRoU4vMLAjrpFDRUKd5vGfMtuW8c6hbzGyuM7i2o82SXiz3CNwR3PUAU5lYobpH0rpsK8xOnpI4qacV2xjVR0hC6Z0hA&sai=AMfl-YQIrRBdjxkV0DRJFVe4WAvNCFduhVrJNGQpN-juj_0OUaV2YUkdRHSHu_fuRsche5A6axkBs4R0zz1mh7E&sig=Cg0ArKJSzMz2ot_m-lpY&fbs_aeid=[gw_fbsaeid]&adurl=https://issuu.com/ecs1902/docs/2023-ecs-opportunities-boston-gothenburg-fillable-%3Ffr%3DsNDk5OTUwMDQyODg%26utm_source%3DIOPAds%26utm_medium%3DBanners%26utm_campaign%3D244Exhibit

37th UIT Heat Transfer Conference IOP Publishing
Journal of Physics: Conference Series 1599 (2020) 012018  doi:10.1088/1742-6596/1599/1/012018

Average Friction Factorsof Choked Gas Flow in Microtubes

D Kang', C Hong"* , D Rehman? G L Morini?,Y Asako® M Faghri*

! Department of Mechanical Engineering, Kagoshimaversity, 1-21-40 Korimoto,
Kagoshima 890-8580, Japan

2Microfluidics Laboratory, Department of Industrihgineering (DIN), University of
Bologna, Via del Lazzaretto 15/5, 40131 Bolognalylt

3 Department of Mechanical Precision Engineering,adyisia-Japan International
Institute of Technology, University Technology Mgd#éa, Jalan Sultan Yahya Petra,
54100 Kuala Lumpur, Malaysia

“ Department of Mechanical, Industrial and Systemgiigrering, University of Rhode
Island, Kingston, RI, 02881, USA

" Corresponding author e-mailong@mech.kagoshima-u.ac.jp

Abstract. A micro-tube passage is a basic and importameié in the design of micro heat
exchangers and for this reason during the lastd#eaaeries of investigations have been made
with the aim to clarify the main scaling effectayghg an important role in microtubes. In this
paper, a combined analysis of numerically and eénpattally obtained average friction factors
in microtubes under the situation of under-expan(dtbked) gas flow is presented. The
working fluid (nitrogen) passes through the micketuand discharges into the atmosphere
under an increasing inlet pressure. Experimentianterical computations are performed for
microtubes with 249 and 528.im in diameter, by varying the aspect ratio (i.e.
length/diameter) from 100 to 200. The numericalthodology to solve the governing
equations is based on the Arbitrary-Lagrangian-Eame(ALE) method. In order to capture
the under-expansion characteristics of the flowirduchoking, the computational domain is
extended in the downstream region beyond the mibeotoutlet. Both experimental and
numerical results were obtained for a wide rang®a€th number and Reynolds number. In
the previous study, it was demonstrated how theebMach number can be expressed as a
function of the tube diameter under choked condio In this paper, a data reduction
procedure for the estimation of the average fricfiactor between the inlet and the outlet of
the microtube is proposed for choked flows in whileh outlet gas temperature and pressure
are obtained by using the outlet Mach number catedl numerically as a function of the
microtube diameter. It is demonstrated how thita daduction method allows an accurate
calculation of the average friction factors in mitbes by using a limited number of
parameters which are easy to measure. The reduéised in this way are in good agreement
with the numerical predictions as well as with thest common empirical correlations.

1. Introduction

A microtube passage is a basic and important eleteedesign micro heat exchangers and for this
reason during the last decade a series of invéistiigahave been made with the aim to clarify the
main scaling effects playing a role in micro-tub&nce the pioneer work of Tuckerman and Pease[1],
many experimental and numerical investigations as fjpw in a micro-channel or micro-tube have
been undertaken [2~4]. The pressure loss detedtipe friction factor between two point is one of
significant factors to design micro-channel lines fieat exchangers. The friction factor for gases
with large variations in the physical propertieswiing through channels was obtained under the
assumption of isothermal flow by most of the reskars [2~7] due to the measurement limitation of
gas temperature flowing through a channel.

In a high-speed microchannel gas flow, a large esipa occurs near the outlet and the pressure
gradient along the length is not constant withgai§icant increase near the outlet. This result8dw
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acceleration and a decrease in gas temperaturerefbhe the friction factor of microchannel gasaflo
should be obtained with measuring both the presandetemperature. In actual situation, micro-
channel gas flow does not stay isothermal and slzosisong decrease in temperature near the outlet
for adiabatic walls. In terms of measuring theletugas temperature, placing a thermocouple in the
outlet jet will measure a value between static totdl temperature, and direct measurement is still
challenging [8]. Fortunately for an adiabatic flogas static temperature estimation at the ouflet o
micro-channel can be done using a quadratic equatioposed by Kawashima and Asako [9]. A new
data reduction methodology for the average frictfantor calculation between inlet and outlet
considering the effect of a decrease in gas teryrerhas been developed by Hong et al. [10].
Rehman et al. [8] experimentally and numericallyeistigated the average friction factor along
adiabatic microchannels with compressible gas flometuding choking flow regime. They reported
that both the assumption of perfect expansion aoksequently wrong estimation of average
temperature between inlet and outlet of a micronkhnan be responsible for an apparent increase in
experimental average friction factor in choked fl@gime.

This is the motivation of the present study to expentally and numerically investigate the average
friction factors in microtubes under the situatafrunder-expanded (choked) gas flow.

2. Experimental setup

2.1. Micro-tube

The present experiments were carried out using fiosed silica tubes. The tubes inner diameters
were measured by flowing water in the tubes. Tk&its about the diameter measurement are
documented in our previous paper by Asako et 4l. [The diameters were measured as |2#9and
528.9um, by varying the aspect ratio (i.e. length/diameftem 100 to 200.

Since the effect of inner surface roughness on aviigbe flows is relatively large compared with
conventional tube flows, the inner surface roughnes microtubes used for the experiment were
measured. In order to measure the roughness dfriee surface of the tube, a part of the micrcetub
is cut. The arithmetic mean heights of the surf@&)of the micro-tubes were measured with a 3D
laser scanning confocal microscope for profilomékgyence, VK-X260). The microscopic image of
one of the roughness features is shown in figur@'lie arithmetic mean heights measured fidom
528.9um tested in this study is 0.0¢@n. The values of the inner relative surface roagsrnof the
microtubes are less than 0.01 %. Therefore inodaces of the microtubes seem to be smooth.
Table 1 gives the detail dimensions and surfacghmoess of the microtubes.

Figurel. Laser micro-scope
image of inner roughness

Tablel. Micro-tube dimensions

Micro-tube D (um) OuterD (um) L (mm) Ra (um)
FST1 249 340 25 not measured
FST2 249 340 50 not measured
FST3 528.9 650 56 0.062

FST4 528.9 650 108 0.062
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2.2. Configuration of Experimental setup

The schematic diagram of the experimental setgpasvn in figure 2. Nitrogen gas is used as the tes
fluid in the present study. The nitrogen gas pagheough a microtube and discharges into the
atmosphere with increasing inlet pressure. Consprksitrogen gas flows into a microtube through a
single stage regulator, and a desiccant tube,arftow meter (Kofloc 3100, 0~8/min for D = 249

pum and 0~3Q/min for D =528.9um), and the mass flow rate is measured at theagrstisection of
the micro-tube. A gauge pressure transducer (Kiob&30, 0~1 MPa) and a thermocouple (K
sheathed type) were inserted into the chambereauplstream section of the micro-tube and the gas
pressure and temperature in the chamber are médasure

The wall temperature was also measured with theooqes (K bare wire type of 5@m in wire
diameter) attached to the microtube external walktwa locations near the outlet with a high
conductivity epoxy. The thermocouples were catidmlaby resistance temperature detectors
(RTD)with an accuracy of 0.%C. The data acquisition system (Eto Denki, CADAL2dtomatically
compensated for the temperature of thermocouplee microtube exterior is covered with foamed
polystyrene to avoid heat gain or loss from theraurding environment. The signals from the
pressure transducers, the mass flow meter and doeuples are collected by a PC through a data
acquisition system (Eto Denki, CADAC21). Uncertss of measured data were listed in table 2.

Pressure Transducer
=

Mass flow meter

e \ Micro-tube
Filter
Control valve | \
S Foamed polystyrene
Thermocouples

Gas tank

PC Data logger

Figure 2. Schematic diagram of experimental setup

Table 2. Uncertainties of measurements

Measurements Range Uncertainties
Pressure (0~1 MPa) (£0.25% of FS (2500 Pa) )
(Krone KDM30)
Flow rate (0~5 L/min) (£1.0% of FS (0.05 L/min) )
(KOFLOC 3100) (0~30 L/min) (£1.0% of FS (0.3 L/min) )
Temperature
(Bare wire type-T (299.15~346.15K) (0.1 K)
thermocouple)
(Bare wire type-K (300.15~348.15K) (0.1 K)

thermocouple)

3. Data reduction

3.1. Gastemperature, Reynolds number and Mach number
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The static gas temperature of high speed gas ftowa microchannel could not be measured by
insertion of a temperature probe into the microdehnsince the insertion of a temperature probe int
a microchannel affects on fluid flow in the micracimel. The static gas temperature of high spegd ga
flow in a microchannel should be obtained anothay to calculate friction factors and Mach number.
For an adiabatic channel flow, the static gas teatpees at the outlet pressure,= T,y can be
obtained by the following equation obtained by [9].

2..2p2 2
-1+ 1+4xafhED§7x ﬂn+Eﬂ,
2c,p 2c

T =

p

(1)

2% 1 Pl ?2

2c,p
where gn, Ui, andT;, are density, velocity and temperature at the ialedp is the pressure at the
outlet. Andc, is specific heat at constant pressure amd kinetic energy loss coefficient which is
proposed to be 2 for laminar and 1 for turbulemivl respectively.
Inlet values of velocity, density and temperatwe @tained with isentropic process between thet inl
and the stagnation area [12]. Furthermore, thet prlessure is also obtained by considering th@min
loss of square edged type for tube entrance. Ré&smolds number and Mach number are

Re= 2D _ 4 @
TR 7>
u u
Ma=—= 3
TR ©

where m is mass flow rate andis viscosity of gas.
At the outlet, equation (3) with the equation aitetand mass flow rate per unit ar€kg/(s nf))

can be rewritten as
|\/|anut = G % (4)
pOUt y

And the following equation can be obtained for diabatic channel flow

= o (5)
o (y_l)Maéut +2

Then, the outlet pressure is

N .
o Ma,,\ V¥ May, y[(y_l)Magut-'-z]

whereyis specific heat ratio.
If the outlet Mach number is given, the outlet gtee and temperature can be determined from
equation (5) and (6).

3.2. Average friction factor

In the case of microchannel gas flow at high spdesiJarge expansion occurs near the outlet and the
pressure gradient along the length is not congtadtincreases near the outlet. This results v flo
acceleration and decrease in bulk temperature. refdre the both pressure and temperature are
required to obtain the friction factor of the michannel gas flow. As mentioned above, Kawashima
and Asako [9] found that the gas temperature catelbermined by the pressure under the assumption
of one dimensional flow in an adiabatic channehfiaflow) to obtain the friction factor considering
the effect of decrease in gas temperature. Tlhenfour times of Fanning friction factor (hereireaift
referred to as the Fanning friction factor) for th@nno flow defined by Kawashima and Asako [9]
defined the four multiples of the Fanning frictifactor for an adiabatic wall (Fanno flow) as
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(=t 20(00)_20p () 20/aT)
"1 5, pldx) pu?RTldx) T Ldx

wherer, is shear stress on a wall.

The temperature at is a function of the pressure atfor an adiabatic wall. Substituting the

temperatureT obtained by Eq. (1) into Eqg. (4) and integratirgg &) between the inlek{) and outlet
(X2), the following average Fanning friction factondae obtained as [14]:

(7)

1 x D [rxf2 w(_2p %2
fo. =—— |7 fdx= —dp (- —5—dp |- =dr
fave X, = X% Y% f )(2—)(1{J.xl Ep pj '[Xl (pZUZRT p) -[xl (T j}
(8)
_2|n%+2ln%— ! 5
2 2 Ui
_ D (piﬁUiin(Tm ' chp ﬂ
XZ_X]_ 2 2 Bz + 2+BZ 1
x{pz_p1+7ln P “pi 2+E(p2\/p§+|32—p1 p12+82)}
p,+4/p; +B
where
2,22 2
B2 :4xa,pinuinR x| T, +UL ©)
2c, 2c,

4. Results and discussion

The experiments to obtain average Fanning frictemtors of nitrogen gas flows were carried out
using four silica micro-tubes. The tested stagmagiressure range and the obtained Reynolds number
are shown in table 3.

In order to make a comparison with the experimergallts, numerical computations based on the
Arbitrary-Lagrangian-Eulerian (ALE) method were@isonducted for a fused silica tube®f= 249

um (FST1 and FST2) whose boundary conditions argtichd to the experimental conditions. A
detailed description of the numerical computatisrdocumented in the previous work [13] and will
not be repeated here. Only the brief descriptsoreported here. The Lam-Bremhorst Low-Reynolds
number (LB1) model was employed to evaluate eddgosity coefficient and turbulent energy since
LB1 model is widely used and very stable. The nuraé computations were performed under the
assumption of steady, axisymmetric flow and an lidges. It is also assumed that the velocity,
pressure, temperature and density profiles atrle¢ are uniform. The thermal boundary condition o
the wall is adiabatic. The numerically obtained/Rdds numbers are also tabulated in table 3.

Table 3. Tube diameter, lengthpsyandRe

Microtube D (um) L (mm) Psig (KPa) Re
FST1 249 25 100 ~ 700 574 ~ 13389
. FST2 249 50 100 ~ 1100 334 ~ 17297
EXperments o3 528.9 56 102 ~ 1100 640 ~ 45737
FST4 5289 108 104 ~ 1198 608 ~ 38428
Numerical FST1 249 25 200 ~ 1100 3155 ~ 21202
Calculations FST 2 249 50 200 ~ 1100 2501 ~ 16718

4.1. Mass flow rate
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The measured mass flow rates for the two microtufds=25 mm and 50 mm dd = 249um are
plotted in figure 3 as a function of the stagnafiwassure using square data markers. The mass flow
rates obtained numerically for the micro-tubeDof 249um are also plotted in the figure using solid
circle data markers. The mass flow rate increa#ie an increase in the stagnation pressure siree th
gas at the outlet is discharged into the atmospineder an increasing inlet pressure. And it ineesa
with a different slope in the range pfy > 200 kPa since the flow transits to turbulentmlirom
laminar flow regime. Then Reynolds number is inga of 2000 <Re < 2500. And this will be
discussed in the friction factor section. Both emmental and numerical mass flow rates for the
micro-tube ofD = 249um are in excellent agreement. Qualitatively simigsults for the micro-tubes

of L=56 mm and 108 mm @& = 528.9um are obtained.

[10'5]8 T T T T T T T T T T L

Fused silica tub® = 249um ® 1
7 L (mm) Exp. Num. i
25 O @ FST1 [ J
6 50 O @ FST2
1®
5 .
foon)
! i
(@]
S i
-E
2 .
1 .
0 -

100 200 300 400 500 600 700 800 900 10001100

p. (kPa)

stg

Figure 3. Mass flow rates for =25 mm and 50 mm d = 249um

25 — T T T T T
Fused silica tub® = 249um, L = 50 mm
O Exp. (Assumption o =100kPa) DDDD
2.0k Choked flow [15] DDDD .
_ 2 O
Ma, oS 1.16<105D%279D+1.27 s
® Num.
15} o i
% @ --@®
S [y dﬂjj o @ e @@
g 10 E
0.5} i

0 1 1 1 1 1 1 1
0 2500 5000 7500 10000 12500 15000 17500
Re

Figure4. Outlet Mach number fdd = 249um andL = 50 mm

4.2. Outlet Mach number

The outlet Mach numbers obtained from equatioru(®)er the assumption pfu.:= pam (atmospheric
pressure) for the micro-tube Bf= 249um andL = 50 mm are plotted in figure 4 as a functiorRef

The outlet Mach numbers obtained numerically ase allotted in the figure using solid circle data
markers. They keep on increasing with the Reynoldsber in the range &e < 10000. And they
get to an almost constant value in the rangBeof 10000. At this point, flow starts to choke ahd
outlet Mach number reaches a constant value ctoge(ie., in this casMay, = 1.21 in the range of
Re > 10000). An explanation of supersonic jet ateki of constant area ducts has been presented by
Lijo et al. [14]. Numerical works of Kawashimaadt [15] and Hong et al. [16] showed that the dutle
Mach number can go higher than its maximum limitLof This happens due to shear thinning of the
boundary layer close to the outlet of a microtuibat tserves as de-Laval nozzle for incoming high
subsonic jet of gas flow. Kawashima et al. [1§jaeed the average Mach number at the outlet plane
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of the choked flow depends on the tube diameter@ogosed a correlation for the average Mach
number at the outlet plane of the choked flow as

My aveghoke = 116X10°D? = 279D + 127 (10)

The outlet Mach number obtained from equation @®)D = 249um is plotted in the figure by the
dotted line Maout ave choke=1.208). This value almost coincides with numdlycabtained outlet Mach
numbers in the range d®e > 10000. At maximumRe, even though the flow is choked, the
experimentally obtained outlet Mach number reactseligh as 2.2 because of the assumptiqug,f

pam IN actual situation, when the flow is chokeds thutlet flow becomes under-expanded and the
outlet pressure is higher than the atmosphere me{%.: > pary). Then, the outlet Mach number and
the gas temperature remain nearly unchanged [8lerefore the above correlation Bfagytave choke
(equation (10)) [15] is employed to determine théues of pressure and gas temperature at the outlet
(equations (5) and (6)) when the flow is choked.

0.08 T 0.08, T
0.07L D =249um,L =50 mm o 64Re —— 0.316R™° | 007k D=249umL=100mm - 64Re 03168°* |
g Exp. results O p,~100kPa " Exp. results O p,~100kPa
0.06 _ O p,,determined frorMa, .~ 0.06 . O p,,determined frotMa, . ]
005} '@ 1 005} " O 1
o 0.04f o 0.04+
2 2
0.03 0.03f
0.02 L 0.02 L
1000 2000 10000 20000 1000 2000 10000 20000
Re Re
(@)L =25 mm (bl =50 mm

Figure5. Average friction factor vRe for D = 249um

0.1 . 01 -
D=5289mL=56mm ... 64Re —— 0316R°> | D =528.9um,L =108 mm - 64Re —— 0.316R6°%
Exp. results O p,=100kPa i Exp. results O p,=100kPa
O p,,determined froiMa,, ... 1 O p,,determined froMa, ..
0.05} . 1 0.05F ™.

ff,ave
ff,ave

0.01 L L 0.01 L L
1000 2000 10000 50000 1000 2000 10000 50000

(@)L =56 mm (bh =108 mm
Figure6. Average friction factor vRe for D = 528.9um

4.3. Average friction factor

The average Fanning friction factors between thet iand outletf; . for all tubes (FST1~4) were
obtained by equation (8) with the assumptiompfE pam The values of; 5 are plotted by squares
on a Moody chart in figures 5 and 6. The value§ @f obtained withp,, determined by equation
(10) are also plotted by circles in the figures wiige flow is choked. The dotted line and thedsoli
line in the figures represent the values obtaingd the theoretical formulaf£64/Re) and
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f=0.3164Re’* (Blasius equation) for incompressible flow theory, respesii. As can be seen in the
figures the flow transits from laminar flow to tudkent flow in the range of 2000 Re < 4000 the
same as conventional sized tubes. In the lamlowr fegime on figure 5 (a) and (b), the values; of
ave deviate more and more from that of an incomprésdgibw with an increasing in Reynolds number
because of the compressibility effect. In the aafsthe turbulent flow regime before flow choking
(unchoked turbulent flow regime) on the figuresrid &, the values of; .. nearly coincide with
Blasius equation. However, in the case of the turbuleotwfregime after flow choking (choked
turbulent flow regime), the values 6f,.. obtained under the assumptionpaf= pam deviate in the
lower direction fromBlasius equation with an increase in Reynolds number stheeassumption of
Pout= Patm iS NOt valid with flow choking. The values i, obtained withp,, determined by equation
(10) on figure 5 (a) and (b) are slightly lower nhBlasius equation and the values on figure 6 (a)
and(b) almost coincide witBlasius equation. As a result of that, when the flow li®ked, the gas
velocity (Mach number) and gas temperature at thkebremain unchanged, and the outlet pressure is
higher than the back pressure (atmospheric présaitfean increase in Reynolds number. However,
the outlet temperature obtained under the assumpfip,:= p.xm does not remain unchanged rather
steeply decreases. Therefore in the choked turbdlew regime, the arithmetic average gas
temperature between the inlet and outlet decreasesf;,,. decreases. As mentioned above,
Magut ave chokeCONSidering flow choking is a specific value regmeted as a function of tube diameter.
The outlet pressure determined Mo ave chokdS higher than atmospheric pressure and the ogeilet
temperature determined by it remains unchangedn,Fhe is slightly lower tharBlasius equation or
nearly coincide witiBlasius equation.

5. Conclusions

The average Fanning friction factors between thet iand outlet of microtubes;,,.. are obtained
under the assumption p§:= pam and withp,,: determined byagy: ave chokeCONSidering flow choking.
The following conclusions were reached.

(1) When the flow is choked, the outlet Mach numsb@yas velocity) obtained numerically remain
unchanged with an increase in Reynolds number. édevw they obtained under the assumptiop,@f

= pam reaches as high as 2.2 for= 249um.

(2) In the unchoked turbulent flow regime, the ‘esuof f;,.. obtained experimentally for all
microtubes an@lasius equation are in excellent agreement.

(3) In the choked turbulent flow regime, the valoé§ ... obtained under the assumptionpef= Pam
deviate in the lower direction froBlasius equation with an increase Re since the assumption pfy

= pam IS not valid with choked flows. However, the veduoff; 5. obtained by the outlet pressure
determined byMagytavechoke@re slightly lower tharBlasius equation or nearly in agreement with
Blasius equation.
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