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ABSTRACT

Advanced development to the microfabrication tedbup has increased the need for an understanding of
fluid flow and heat transfer of micro flow devicesch as micro-heat exchangers, micro-reactors ary m
other micro-fluid systems [1]. Therefore, numerogperimental and numerical studies have been
performed in an effort to better understand flovareleteristics in microchannels. It is well undeost that
microchannel gas flows are significantly affectgdtbhe combined effects of rarefaction (slip on daue),
surface roughness and compressibility [2]. In present experimental study, the effects of surface
roughness on average and local friction factorsiibgen gas flow through micro-tubes quantitatjvel
investigated since the effect of surface roughmmessnicro-channel flows is relatively large compated
conventional tube flows.

The schematic diagram of the experimental setighdsvn in Fig.1. The present experiments were exuri
out using three micro-tubes of different materaais wall thicknesses, having same nominal diano#t250
pm with the length of 100 mm. The tube inner ditarewere measured by flowing water in the tube [2]
The measured inner diameters and their dimensienshaulated in Table 1

The micro-tube exterior is covered with foamed golyene to avoid heat gain or loss from the surdings.
In order to measure local pressures to obtain leahle of Mach numbers, gas temperatures anddnicti
factors, three static pressure tap holes on theafa supplementary stainless steel micro-tubd wame
diameter P=266.82um) were fabricated by Electrical Dischavigehining (EDM).

The stagnation temperature and pressure, locaymes and mass flow rate were measured. The neelasur
mass flow rates unit area for all tubes are plottdéig. 2 as a function of the stagnation pressuiEhe
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Tablel: Micro-tubedimensions

Inner diameter Outer diameter Nominal diameter Length Cross section

Micro-tube [um] [um] [um] [mm]

Stainless steel 263.47 500 250 100 o)

Glass 262.68 4500 250 100
Fused silica 249.95 350 250 100 o

Regulator mass flow meter Pressure tap holders

/ Foamed polystyrene
, /
|
Control valve —— Micro-tube

Thermocouple

Pressure transducer

Gas cylinder

Data-logger

Figurel: Schematic of experimental equipment
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Figure2: Mass flow rate per unit area
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Figure3: Average friction factor

mass flow rates unit area increase with an incrgaslee stagnation pressure since the gas at ttiet dsl
discharged into the atmosphere under an increasagmation pressure. And they increase with @ifft
slope near “A” in the figure since the flow trassio turbulent flow from laminar flow regime. Inerange
Psg> 600 kPa Re> 6995, “B” in the figure), the mass flow rates tuarea of the fused silica tube whose
diameter is less than that of the stainless stdbel &re higher than those of stainless steel tnbe the effect
of surface roughness is dominant for turbulent ftegime.

The average Fanning friction factors between thet iand outletf; .. for all tubes were obtained by the
following equation [3].

1 Xout D Xout[ 2 Xout 2 P Xou[ 2
fo o=— fodx=—— —dp |- ————dp |- —dT
fave Xout - Xin '['” f Xout - Xin {Lm ( p p) L‘” [pzquT p) J"” [T )}

1)
-2In—> 1
pout To 2
b [p.n ZRx| T, + D
Xout = Xin p N \/m
% pout2 pm + 2 out out > (pout\/ pout +B% - Pin v pout + Bz)
P+ P2 +B
where,
2,..2p2 2
B2 = 4x g PotaR T, +in 2)
2cp 2cp
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The values of; . Obtained from Eg. (3) are plotted in Fig. 3 asigction of Reynolds number. The solid
line and dotted line in the figures represent thkei@s obtained by the theoretical formula 64/Re) and =
0.3164R&*® (Blasius correlation) for incompressible flow theory, resipeely. Since the effect of inner
surface roughness on micro-tube flows is relativatge compared with conventional tube flows, theer
surface roughness of microtubes used for the exjeeti were measured after all experiments. For the
present study, the surface roughness measuredwBithlaser scanning confocal microscope for theipuos
study was employed [2]. The arithmetic mean heajthe stainless steel micro-tube was 0.793 pnhe T
corresponding value of the inner relative surfameghness of the micro-tube was 0.003. For referehe
following Colebrook-White equation (Eg. (3)) [4]lcalating the friction factor of turbulent flow ia rough
pipe is also plotted in the figure with the recklin

1 251 . kg
N ZIOQ[ Reyf, ' 3.72Dj ®)

where ks is equivalent sand grain surface roughness. teroto employ the abov€olebrookWhite

equation obtained withiRa of the stainless steel micro-tube, tkeis assumed to bexRa The inner

surfaces of the glass and the fused silica midoeduseem to be smooth since the arithmetic meghtsei
measured from the two glass and the fused silicaartubes tested in this studg) ranges from 0.062 to
0.073um.

The f; ave Obtained for the glass and the fused silica miol® and thé; ... obtained for the stainless steel
micro-tube in the range &e< 5000 coincide wittBlasiuscorrelation. However, thi 5. Obtained for the
stainless steel micro-tube deviates frBhasiuscorrelation and it coincides with the values ateali by the
Colebrook-White equation in the range R&7000 because of the effect of the surface roughnethe
friction factors in the transitional flow regiontieeen laminar and turbulent flow will be discussed.
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