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An Experimenta| Investigation of the [4] have shown that profile losses increase as the Reynolds num-

ber decrease due to flow separation on the suction surface.

Effect of Freestream Turbulence An experimental study was conducted in a two-dimensional

linear cascade with low-pressure turbine blades. Flow Reynolds
on the Wake of a S_eparated numbers, based on exit velocity and suction surface length, were
Low-Pressure Turbine Blade at Low varied from 50,000 to 200,000. Freestream turbulence was varied

from 1.1 to 8.1 percent. Parts of the results in this report were
ReynOIdS Numbers presented in Murawski et a[5]. The results are revisited and
updated, focusing on Reynolds number and turbulence level ef-
fects on a low-pressure turbine airfoil and documenting the effect
of these influences on the airfoil wake.

C. G. Murawaski
Research Engineer, Propulsion Directorate,

. Experimental Apparatus. Figure 1 shows a schematic of the
AFRL/PRTT, Bldg 18, 1950 Fifth Street, test apparatus. A centrifugal blower, controlled by a variable
WPAFB, OH 45433-7251 speed motor controller, pulls air through the apparatus. The inlet
freestream turbulence intensity can be elevated by a passive tur-
K. Vafai bulence grid located 1.45 m upstream of the cascade row. The

; . : grid is a wooden square mesh of 13 mm square bars with a 25.4
Professor, Ohio State University, Department of mm center-to-center spacing,

Mechanical Engineering, 206 W. 18th Avenue, Columbus, The cascade contains four low-pressure turbine blades with an

OH 43210-1107; Fellow ASME axial chord length of 10.36 cm and a span-to-chord length aspect
ratio of 1.1. The suction surface length is 15.24 cm. The pitch-to-
chord ratio(solidity) is 0.88 and the flow is turned through 95 deg.

An experimental study was conducted in a two-dimensional linear "Stantaneous local velocities were acquired using a single ele-

cascade, focusing on the suction surface of a low pressure turbi nt, hot-film probe. Mean upstream ve_I00|ty a_nd total pressure

blade. Flow Reynolds numbers, based on exit velocity and suctigfgasurements were acquired W'th. a pitot-static probe. Surface
length, have been varied from 50,000 to 300,000. The freestreSHUC Pressures were measured using static pressure ports located
turbulence intensity was varied from 1.1 to 8.1 percent. SeparﬁlE midspan on the surface of one blade.

tion was observed at all test Reynolds numbers. Increasing the

flow Reynolds number, without changing freestream turbulence,

resulted in a rearward movement of the onset of separation and

shrinkage of the separation zone. Increasing the freestream ti 14.9 Kw Motor—>

bulence intensity, without changing Reynolds number, resulted

shrinkage of the separation region on the suction surface. Tl

influences on the blade’s wake from altering freestream turbi
lence and Reynolds number are also documented. It is shown t Gircular to

width of the wake and velocity defect rise with a decrease in eith Rectanguiar 124.5¢m

turbulence level or chord Reynolds number.
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degradation of overall turbine engine performaf8barma et al. Fow

[1]). For this reason, low-pressure turbine aerodynamics has et
ceived an increased level of attention recently. Research cc
ducted by Baughn et aJ2], Qui and Simon3], and Bons et al.
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Fig. 2 Surface static pressure survey Fig. 4 Wake velocity survey for the average velocity and tur-

bulence intensity

The experimental uncertainties were established using the
method of Kline and McClintock6]. The uncertainty of the ve- bers. Over the last 50 percent of the suction side surface the
locity measurements from the pressure transducers and the sirlilgndary layer is affected by changes in Reynolds number and
wire, hot-film probe was less than 2 percent. The maximum ufreestream turbulence intensity.
certainty in the pressure coefficient measurement was less than Zhe pressure coefficient profiles of Fig. 2 contain a ter(éeé
percent. zone in this region. Gastdr7] explained that the terrace is created
by the initial portion of the separation bubble composed of a lami-
nar shear layer and a dead air region. The shear layer then begins
to interact with the separation bubble. A region of turbulent mix-

Inlet Profile.  An inlet profile survey was performed by mea-Ng occurs which may result in boundary layer reattachment. At
suring velocities using a single hot-film probe located one bladae end of the dead air zone the magnitude of the velocity will
chord upstream of the leading edges at mid-tunnel height. Withd(fréase near the wall. The initiation of transition appears as a
a turbulence generation grid, the inlet flow turbulence intensifpdion on the pressure coefficient curve that quickly falls off after
was 1.1 percent. The passive turbulence grid created an irffeg flat zone. _ _ i _
freestream turbulence level of 8.1 percent. The inlet axial flow A Separation zone is present in the pressure coefficient profiles
velocity was uniform to within 7.5 percent with and without thd©r all Reynolds numbers. Increasing the Reynolds number results
turbulence grid. in a smaller terrace, which indicates a reduced size of the separa-

tion zone. Increasing both Reynolds number and freestream tur-

Surface Static Pressure Results. Surface static pressure sur-bulence results in a smaller separation zone. The exact location of
veys for the suction surface of the turbine blade with freestreagaparation, transition, and reattachment are not precisely ascer-
turbulence levels of 1.1 percent and 8.1 percent are presentedaiimed from surface static pressure surveys. However, the trends

Results

Fig. 2 in terms of a pressure coefficient defined by: of Fig. 2 are consistent with and add value to the observations in
P _p the following sections.
c _(Prin—Psi) 1) _ _ _
p 1 Wakes. Changes in the size, length, and location of the sepa-
épuéxn ration zones on the turbine blade influence the size and strength of

the wake. Each point on Fig. 3 represents a local instantaneous
Along the suction side surface, from 0 to 50 percent of axiaelocity recorded while a hot film probe was traversed parallel to
chord, the boundary layer remains attached for all Reynolds nuamd 2.54 cm behind the plane of the trailing edges of the cascade
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Fig. 3 Instantaneous velocity wake survey:  (a) Re=100k,Tu=1.1 percent, (b) Re=200 k,Tu=8.1 percent,
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turbine blade. Figure 3 shows that the wake dramatically d&eferences

creases in size when the Reynolds number is increased from) sharma, O. P., Ni, R. H., and Tanrikut, S., 1994, “Unsteady Flows in
100,000 to 200,000 and the freestream turbulence increases from Turbines-Impact on Design Procedure,” AGARD-LS-195, Paper No. 5.

1.1 percent to 8.1 percent. [2] Baughn, J. W., Butler, R. J., Byerley, A. R., and Rivir, R. B., 1995, “An

Figure 4 provides spatial averages of the instantaneus velocity SEETTts estgaton of Reat Hanter, Tranton and Separaton on
surveys in the wake of the turbine blade wake. Spatial averages of AsmME paper No. 95-WA/HT-25.
velocity and turbulence intensity were calculated by averaging3] Qiu, S., and Simon, T. W., 1997, “An Experimental Investigation of Transi-
every 100 data points. The largest velocity defect and largest spa- tion as Applied to Low Pressure Turbine Suction Surface Flows,” ASME
tial turbulence intensity occurs when the freestream turbulence is, Paper No. 97-GT-455. . .

. ] Bons, J. P., Sondergaard, R., and Rivir, R. B., 1999, “Control of Low-Pressure
1.1 percent. At the lower Reynolds numbers, the thicker boundarj Turbine Separation Using Vortex Generator Jets,” AIAA Paper No. 99-0367.
layer, caused by flow separation at the rear of the suction surfaces] Murawski, C. G., Sondergaard, R., Rivir, R. B., Vafai, K., Simon, T. W., and
creates a |arger local pressure drop, and more mixing occurs in the Volino, R.J., 199?, “Experimental Study of the Unsteady Aerodynamics in 6}’
shear layer between the detached boundary layer and the ;'gfﬂaEr g:;cefd,\?owgg_é‘#"_vggey”"'ds Number Low Pressure Turbine Blades,
freestream. This creates a larger wake and thus increased profilg) kiine, s. 3., and McClintock, F. A., 1953, “Describing Uncertainties in Single-
loss from the blade. As the Reynolds number is increased, with a Sample Experiments,” Mechanical Engineerifi, pp. 3—8.
freestream turbulence level of 1.1 percent, the level of fluctuatior7] Gaster, M., 1966, “The Structure and Behavior of Laminar Separation
is diminished, while the width of the wake is almost constant. Bubbles,” AGARD-CP-4, pp. 819-854.

Increasing the freestream turbulence level to 8.1 percent has a

profound effect on the separation region on the suction side of the
turbine blades in this cascade configuration. In each case, when . . .
the Reynolds number was kept constant and the freestream turElXperlmental |nveSt|gat|0n of Flow
lence level was increased, the magnitude of the velocity defiej :
and the width of the wake decreasgd. The increase in frgestrejtrh I’OUgh an Asymmetrlc Plane
turbulence level diminishes the size of the separation region Biffuser
sulting in lower profile losses. In Fig. 4, when the freestream

. . 1
turbulence is held constant at 8.1 percent and the Reynolds num- (Data Bank Contribution)
ber is increased, the velocity deficit and wake width decrease
because the size of the separation zone is decreasing. Carl U. Buice

) Director of Application, Genemachines,
Conclusions San Carlos, CA 94070
The effect of Reynolds number and freestream turbulence in-
tensity on a low-pressure turbine cascade blade has been invejghn K. Eaton
gated in this work. The condition of the blade’s boundary lay: . . .
was the leading factor in the level of losses recorded in the Waﬁéepartment of Mechanical Engineering, Stanford
The losses from the blade decreased as the Reynolds number dhdversity, Stanford, CA 94305
freestream turbulence were increased. e-mail: eaton@vk.stanford.edu
At low levels of freestream turbulence, increasing the Reynolds
number reduced the velocity deficit in the wakes, but did not
reduce the width of the wake, resulting in only a minimal reduc-
tion of the profile losses. ’ g %80098-2203)0)00302-3
For cases of freestream turbulence intensity of 8.1 percent, as
Reynolds number increased, the suction side boundary layer
changed dramatically. With increasing Reynolds number, thatroduction

separati_on zone becam_e smaller, _redycing the velpcity defe_ct a-nq'his data bank contribution provides measurements for a two-
decreasing the wake width, resulting in a substantial reduction in P

the blade’s profile losses. dimensional diffuser rovv_ which includes separation and re_attach-
ment forming a separation bubble on one wall of the diffuser.

Separated flows are difficult to predict because the separating and

Acknowledgments reattaching boundary layers are highly out of equilibrium. Ad-
vanced simulation techniques including large eddy simulation and

; i ! tached eddy simulation are being developed to compute sepa-
of the Air Force Research Laboratory Propulsion Directorate j§ieq flows. Such simulations require realistic, time-dependent in-

acknowledged. Professor Terrence Simon of the University ghy conditions. These are most easily generated if the inlet flow

Minnesota and Dr. Ralph Volino of the U.S. Naval Academys simple. For this reason, Obi et AL] made measurements in a
provided technical support. The authors are grateful to Dr. Paihminally two-dimensional separated diffuser flow with fully de-

King of the Air Force Institute of Technology for use of the "nea(/eloped channel flow inlet conditions. The test case is widely

The assistance of Dr. Richard Rivir and Dr. Rolf Sondergaa

cascade. used, but there are questions about the two dimensionality of the
flow.
Nomenclature The_ objectiv_e of the present work_was to repeat the Ol_)i et al.
experiment using a larger aspect ratio apparatus and paying extra
Cp = local pressure coefficient attention to the treatment of the endwall boundary layers. In ad-
Psi = static pressure along the blade surface dition, the straight tailpipe section of the diffuser was extended to
Pri, = total pressure at inlet to blade set allow a more extensive examination of the boundary layer down-
Tu = freestream turbulence intensity(,J Uoca)
Uit = Velocity at the exit of the blade set Data have been deposited to the JFE Data Bank. To access the file for this paper,
Ul = root mean square of the fluctuating component of ~ See instructions on p. 463 of this issue.

: ; Contributed by the Fluids Engineering Division ofif AMERICAN SOCIETY OF
_ streamwise Ve|OCIty . . MECHANICAL ENGINEERS Manuscript received by the Fluids Engineering Division

- |Ocal.mean streamwise velocity July 7, 1999; revised manuscript received January 25, 2000. Associate Technical
p = density Editor: D. P. Telionis.
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Even with the large aspect ratio, special care was required to
obtain a two-dimensional flow. The endwall boundary layers were
removed by adding thin splitter plates 4.7 H from each end wall
startirg 6 H upstream of the diffuser and extending to the end of
the tunnel. A row of small holes was drilled through the splitter
plates 3 H downstream of the diffuser inlet to thin the new end-
wall boundary layer. Suction in the end-wall sections was adjusted
to obtain two-dimensional flow everywhere in the test section.
Buice and Eaton[3] document numerous tests of the two-
dimensionality including measurements of the spanwise unifor-
mity of the mean velocity and skin friction, and calculated bal-

T ances of mass and momentum. The tests show that the flow is two
47u dimensional to within the measurement resolution.
¥ Multiple probe systems were used to provide the best accuracy
21H L. in each region of the flow and to provide redundant measurements
R9.TH 0.85H where possible. Wall static pressure was measured using 0.64 mm
JI___OSSH diameter taps connected to a Celesco P7D pressure transducer
) (+/—0.1 psid range Overall uncertainty was less that 0.001 in. of

Fig. 1 Detailed drawing of test section geometry water. _ _

Mean velocity and turbulent stresses were measured using hot-

wire anemometry in regions where the streamwise turbulence in-

stream of reattachment. This is an especially useful case for {§8Sity was less than 30 percent. Details of the probes and tech-
study of recovering flows because the flow has a known end sti{gues are given in Buice and Eatf8]. The techniques were

TANGENT TO
STRAIGHT WALL

of fully developed channel flow. similar to those reported in Anderson and Eafth Single-wire
measurements had mean velocity uncertainty of 2 percent and
Experimental Apparatus and Techniques streamwise turbulence intensity uncertainty of 4 percent, except

Th . " ducted in the bl dri . near the wall in the upstream channel as discussed below. Cross-
€ experiments were conducted in the blower-ariven W'r\ﬁjlire uncertainty was 5 percent for the wall-normal Reynolds

tunnel of Anderson and Eatof2] modified with an additional )
contraction to a two-dimensional, plane-wall channel flow with giress, and 10 percent for the shear strass,. Redundant mea-

channel height H of 15 mm and a width of 610 mm. The higﬁurement§ of the ‘mean _velocity and_st_reamwise normal stre_ss
aspect ratig41:1) inlet channel is 1.65 m long providing amp|eagreed with the single-wire results within the uncertainty esti-
length to obtain fully developed turbulent channel flow at the inléPates. _

of the diffuser test section. The diffuser geometry shown in Fig. 1 A Single component pulsed wire anemometer was used for ve-
replicates the geometry of Obi et 4l]. There is an asymmetric locity measurements in the highly turbulent separated shear layer
expansion with an area ratio of 4.7 over a distance of 21 H givirjtd in the recirculation zone. The mean velocity uncertainty was
a diffuser angle of 10 degrees. The rectangular tailpipe sectigftimated to be 2 percent for velocities ranging from 5 to 12 m/s
(70.5mmx610 mm) extends 56 H downstream of the diffuse@nd around 5 percent for lower velocities. The uncertainty in the
before the flow exits to the room through a grid. measurement ofi’ was less than 5 percent in regions of high

y/H

40

“r
H
;
35

z/H + 10U /U,

Fig. 2 Mean velocity profiles, U /U: O, single wire boundary layer probe; ¢, pulsed wire probe;
@, single wire wall probe

z/H + 20U/U,

Fig. 3 Mean velocity profiles, U /Uy: O, single wire boundary layer probe
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turbulence intensityy’/U>0.05). In regions of lower turbulence References
intensity, the pulsed-wire turbulence measurements are unreliablgy] obi, s., Aoki, K., and Masuda, S., 1993, “Experimental and Computational
and we present only hotwire results. Study of Separating Flow in an Asymmetric Planar Diffusedth Symposium

A SpeCiaI wall mounted pu'Sed-Wire called the pUIsed-Wa” [2] Zr;;;ur;kg:]lerg Sl;]eaarn';lolgétﬁ?tg’ ‘Ilapigégp.“gz;lo_lggssﬁéss Development in
prope(V\/_estphaI et_al[4]) _was us_ed to measure near-wall velocity Pressure-’Driven'Three-DiménsionéI Turl;:ulent Boundary Layers,” J. Fluid
profiles in the recirculation region, and to infer the wall shear  mech.,202 pp. 263-294.
stress by moving the measurement location very close to the wall3] Buice, C. U., and Eaton, J. K., 1997, “Experimental Investigation of Flow
With the wire drawn into the nearest pOSitiO}F(O.lS mm) the Thro#gh ar|1 Asymmetric Plan?r Clj)lffuser,” Report fTSdD—107, Department of

. . f P . Mechanical Engineering, Stanford University, Stanford, CA.

probe was calibrated directly for skin friction using fu[ly devel-. [4] Westphal, R. V., Eaton, J. K., and Johnston. J. P., 1981, “A New Probe for
oped channel flow as a reference. The uncertainty in the skin = Measurement of Velocity and Wall Shear Stress in Unsteady, Reversing

friction measurements was estimated to be a constant 0.02.N/m  Flow,” ASME J. Fluids Eng.,103 pp. 478-482.

[5] Hussain, A. K. M. F., and Reynolds, W. C., 1970, “The Mechanics of a
Perturbation Wave in Turbulent Shear Flow,” Report FM-6, Department of
Mechanical Engineering, Stanford University, Stanford, CA.

[6] Buice, C. U., and Eaton, J. K., 1999, “Turbulent Heat Transport in a Perturbed
Channel Flow,” ASME J. Heat Transfet99 pp. 322-325.

Data Reported in the Archive
All data in the archive are presented in a coordinate system in
which thex-axis is parallel to the upstream channel, and has its

origin at the intersection of the two lines tangent to the inlet cha ;
nel wall and the inclined wall. Thg axis is normal to the axis touette FIOW Proflles fOf Two

and thus to the undeflected wall of the diffuser. The origin of thhlonclassical Taylor-Couette Cells
y axis is on the lower wall of the tailpipe so all values are
positive. All distances are normalized by the height of the inlet

channel H. Velocities are normalized by the bulk average velodvlichael C. Wendl

ity in the upstream channdll,,. The upstream channel Center"nePostdoctoraI Research Associate, School of Medicine,

velocity is 1.14J,. The tunnel was operated df,=20 m/s giv- . . . - :
ing an inlet channel Reynolds numbéry,H/v of 20,000. Washington University, Saint Louis, MO 63108

In comparing to the present data set, it is important that com-
putations of the flow begin some distance upstream of the diffusRamesh K. Agarwal

inlet since the streamlines begin to curve upstream-=00, caus- Bloomfield Distinguished Professor and Executive

ing local acceleration and distortion of the velocity profile. Fof,. . . L _
this reason, the inlet conditions are specified/at= — 5.1 where blrector, National Institute for Aviation Research, Wichita,

pressure measurements indicate a constant pressure gradient ¢har67260
acteristic of fully developed channel flow. The present mean ve-
locity and turbulence profiles are in excellent agreement with the

data of Hussain and Reynol{l§], measured at a channel heighizyact solutions for the Couette profile in two nonclassical Taylor-
Reynolds number of 21,300. The only exception are the turbette cells are reported. The profiles take the form of eigen-
lence intensity measurements fpfH <0.025 where the presentnction expansions, whose convergence rates can be significantly
measurements are 10 to 20 percent lower. This is due to the ingdzelerated using a representative convergence acceleration al-
equate spatial resolution of the single-wire probe which was Ogithm_ Results are thus suitable as initial conditions for high

mm (45 wall unitg long. The mean velocity and turbulence datgesolution numerical simulations of transition phenomena in these
indicate that the inlet flow has the characteristics of fully develfonfigurations[80098-2202{)0)02602-)(]

oped channel flow, and that any well-qualified channel-flow simu-
lation can be used to provide inlet conditions for the diffuser
simulation.
Figures 2 and 3 show the mean velocity profiles, illustrating the  Introduction

distribution of profile locations and the general development of Laminar flow transition modes are frequently studied using a

the flow. Streamwise turbulence intensity, wall normal stress, aqd lor-Couette cell, which consists of a cylindrical stator and ro-
the Reynolds shear stress were all measured at the same pr i y

locations. Note that the wall normal stress and Reynolds sh ar with f_lxelcli endwa_ltlrs] tO_F:OI’;fII’Ee th? ﬂl.“{'d' Nl;_r(ggn(ial '[2}’)‘35“93'
stress profiles do not extend into the separated flow region, wh ! é‘igg’fﬁt%nusg e| ?gfilgg/P(;rn?o\;:Ezﬁ)uays Fgr? ilnitiag (():E)n ditigL

the cross wire would have a very large uncertainty. In addition L rturbing it a grg rigtel to examine the disturbance beha'tvior
these profiles, measurements of the static pressure and the Hminalg ot ali)[%] ?—|ua e¥al[4] Kedia et al[5]). Both of these
friction along the entire length of both test section walls are in- ’ ' )

: e . rofil re one-dimensional, neglectin nwise variation h
cluded in the data set. This includes measurements in the se%o es are one-dimensional, neglecting spanwise variations suc
¢

rated flow region where the pulsed-wall probe supplied measu s_'end effects from the stator walls. While suitable for the theo-
ments of the reverse-flow skin friction.

There are two aspects of this data set that offer a particu
challenge to model developers. First, is the smooth wall sepal
tion and reattachment that make this case more challenging t
the backward-facing step and similar abruptly separated flo
Also, of great interest is the recovering channel flow in th
tailpipe. The profile near the wall recovers until it is virtually tant
identical to the upstream channel. On the other hand, the veloc‘f't -?f] arfl '  thi te i derivina Couette fl files f
is more uniform than developed channel flow in the central regign, - < OﬁHS 0 IIS n.oel IS ofr) eriving foue € tlow profiles for
due to the strong turbulent mixing produced by eddies remaini(r)\\é/o specific nonclassical configurations of current interest, a coni-
from the separated flow. Thus, the turbulence is far from equilib——

i ; Contributed by the Fluids Engineering Division ofif AMERICAN SOCIETY OF
rium with the mean flow, and offers a QOOd test for length SCal\ﬁECHANICAL ENGINEERS Manuscript received by the Fluids Engineering Division

transport equations. The thermal diffusivity in this region is alsg,y g 1999; revised manuscript received February 7, 2000. Associate Technical
far out of equilibrium, as shown by Buice and Ea{d@. Editor: M. R. Hajj.

tical case of infinite span, they are inappropriate for a number of
ractical situations, e.g., for cells whose span and gap dimensions
e of the same order and for the so-called “nonclassical” cells
hose gap dimension varies along the sdfiener et al.[6]).
h of these types of cells generally exhibit significant spanwise
ependencies. Moreover, variation in nonclassical cells can ex-
end to the boundary, for example when the rotor radius is not
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: three geometric parameters: the aspect rétiob/a, the radius
ratio R=rg/a, and the taper factor=b sin 6,/ry, which is taken

y* : : .
b T as a measure of taper effects. Wimmer's restricfi@hdictates
\/ a 2% that R™! and T should be small. Using andaw as length and
A velocity scales, respectivelyvherew is the rotor’s rotation raje
0, the nondimensional boundary conditions are
_L ® u=0 at z=0, z=¢, and y=1, (2a)
I, > and
! u=R+zsing, at y=0. (20)
An appropriate integral transform pair is given by
¢
r* Uy, Bm) = f Z(Bm.2')uly,z')dz (3a)
I °
o* and

U(y,Z)= E Z(ﬂmlz)u(y’ﬁm) .

@
| ) e
0

The overbar notation represents a transform in zleordinate
. ) ) . direction, B, are the corresponding eigenvalues, Zi@,,,z) are
Fig. 1 Schematic of the conical cell ~ (top) and the spanwise  the corresponding eigenfunctions. All eigen-related quantities can
convex stator cell (bottom ). Cross-hatched areas represent the be obtained from standard table@zisk [18])

rotor and the remaining line segments denote the stator. Cells - .
are symmetric about the center line and the star notation indi- Applying transform(3a) to Egs.(1), (2a), and(2b) yields the

cates dimensional coordinates. auxiliary equatior” — 82U=0, and two auxiliary boundary con-
ditionsu=0 aty=1 andu=¢R([1—(—1)"]-T[—1]M)/mm at
y=0. A Sturm-Liouville equation and integration by parts have
cal cell and a cell whose stator is convex along its span. Conidgen used to evaluate various terms. The solution of this system is

(30)

cells (Fig. 1(top)) have been used to examine supercritical flow o ANMT_TE 1M o _
modes, both experimentallpWvimmer [7—9]) and numerically U= ¢RI (D)™ T[_ 11%)sinhmar(1 y)/qs. (4)
(Abboud[10]), but transition modes have not yet been extensively mm sinhm/ ¢

studied. Results for convex stator geometries are currently limitggl,erse transforn(3b) is applied to Eq(4) to obtain the physical

to the idealized model of small convexity and infinite spBagles 1 ofile in (v 2) space. After eliminating all noncontributing modes
and Eameg11]). Although the standard Taylor profile can be?he final ?el’Sl).ﬂtFi)S found to be g g '

conveniently adapted to this case, it is not an experimentally rel-

evant configuration because of the assumption of infinite span. o @2m=-1)m(1-y) . (2m—-1)7wz

Therefore, the case of a semi-circular cross section is addressed R 2 sinh é sin b

(Fig. L(bottom) in this paper. This geometry exhibits both a u(y,z):—z

finite span and significant convexity relative to the span. Exact T m=1 (2m—1)sinh(2m_l)w

solutions for the Couette profile for these two configurations do ¢

not appear in the literaturgCarslaw and Jaegét2], Berker[13],

Wang[14]). The present approach employs, an integral transform T[fl]msinhm#(liy) sinTe

method (Olger [15]) to obtain exact solutions as expansions in b [0

characteristic eigenfunctions. Convergence properties of these ex- - mar : (5)

pansions, which determine their suitability for use in a numerical m sinh——

solver, are evaluated by applying a representative convergence ¢

acceleration algorithniBrezinski[16], Singh and Singfi17]). It is readily apparent that for vanishing tapdt—0, Berker's
two-dimensional thin-gap solutiofBerker[13]) for the classical

2 Analytical Solutions case is recovered.
The convex stator configuration in Fig(hbttom is character-

[9]) suggest that the Couette mode cannot be physically sustaiffgfl Py R which is the radius of the rotaro, divided by the
when curvature effects are significant. The fundamental flolgd!us of the stator's cross sectio. S'“C‘? the endwalls are
mode is fully three-dimensional under such conditions. Consgiectively formed by the stator itself, there is no separate charac-
quently, geometries are presently restricted to small curvature fgrization of t_he aspect ratlo.. Moreo_veg,descrlbes the convexity
fects; the gap dimension is assumed small compared to the rofffich iS a fixed ratio of 1:2 relative to the span of 2 The
radius and the taper is also assumed small. As a result, curvatfifEvature restriction again suggests timust be large. The
terms vanish and the Navier-Stokes equations reduce to Laplade?®!acian operator in Eq1) is now expressed in cylindricat,6)

equation for the dimensionless azimuthal velocity componentcoordinates as (8)a/dr (rd/ar) +(1/r?)3% 96>, After nondimen-
(Wang[14]), sionalization, boundary conditions can be expressed as

Wimmer's experimental results on nonclassical cellSmmer

Vau=o0. (1) u=R at =0 and 6=, (6a)

For the conical cell modefFig. 1(a)), gap width and cell span and
area andb, respectively, the cone angle is<®,< /2, the ref- _ _
erence radius is,>0, and the Laplacian operat8F in Cartesian u=0atr=1 (&)
(x,y) coordinates is??/dy>+ 6%/ 9z2. Dimensional analysis yields An appropriate integral transform pair is given by
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™ 16
U(r,m)=f O(m,0 ) )u(r,8’)de’ (7a)
0 14
and
- m, &)u(r,m gl2
ur =3, O (7b) o
m:lf 04(m,0')do’ ~10
0 1aw sumnt
where eigenvalues and eigenfunctions are denoted respectively by 8
m and O (m, §). Because the domain afis 0< =<, this con-
figuration is a special case in which theigenvalues are integers, accelerated sum
as indicated by Eq(7b). 0.994 0.996 0.998 1

Transformation using Eq(7a) yields U’ +u’/r—(m/r)?u
+mR(1—-cosmm)/r>=0, a nonhomogeneous equation of the
Euler-Cauchy type, and the boundary condificr0 atr=1. An Fig. 3 Convergence properties of raw and accelerated series
auxiliary boundary conditiomi=finite at r=0 is also available. @ #=m/2 in the convex stator cell. Axes are the same as for
By substitutingu(r,m)= ¢(r,m) + R(1—cosma)/m, the homoge-
neous form of the equation faf is obtained and is solved with

standard methods. The auxiliary solution is then obtained as ) )
Convergence properties are examined for each cell at the center of
RI(—-1)™-1](r™-1) g theirspans, i.e., at=g/2 for the conical cell and/= /2 for the
m ) (8) convex cell. At the boundaries, the nondimensional grid size is
taken to be of ordef=10° and is allowed to stretch at the rate
of 25 percent toward the interior of the cross section. Conver-
gence is considered achieved when double-precision accuracy has
been attained.
Convergence properties of E@) are independent d® since it
appears outside the summation. Moreoviedoes not affect con-
) ) . vergence for values in the range of physical interest, i.e., 0.01
3 Numerical Evaluation of Series <T=0.1. The cell aspect ratio is thus the only important param-

Use of Eqs(5) and(9) as initial profiles for numerical compu- €ter. Two values are examine@=1 for a square cross section
tations requires evaluating these expressions for each finigdld ¢=12.75, which corresponds to Wimmer's experimental
volume in a computational grid. Processing effort increases regnfiguration[9]. Convergence for both cases requires abodt 10
only with grid resolution, but is also dramatically affected in reterms in the series near the stator and approximatelyah@ 10
gions where convergence slows considerably. Brezinski's thrtesms, respectively, fop)=1 and ¢=12.75 aty~0.001. These
step acceleration algorithfBrezinski[16], Singh and Singhl17]) results can be considered acceptable for a coarse grid whose
is applied to determine whether the number of terms required femallest volume is-10 3. However, for finer grids convergence
convergence in such regions can be reduced to a manageaibdevs considerably nearer to the rotor. Figure 2 shows results for
level. TakingS,, as the partial sum afhterms such tha§,,—Sas y<0.0003; Brezinski’'s algorithm yields significant acceleration in
m—o, whereSis the complete summation, the two preliminanthis region. Aty~10 ©, the raw series forh=1, which requires

r (distance from rotor)

Inverting Eq.(8) using Eq.(7b), the physical solution irr,6)

space is found after simplification to be

r’™lsin2m-1)6
(2m—1)

4"
u(r,0)=R 1—;2 9)

m=1

steps in the algorithm aiéf'=S,, andl'y'=(I'T"**~T'T) 1. Pro-
gressive estimates & are given by the third step
(FT+2_FT+1)(F?+2_F?+1)

[ 2—2ry 41y

ry=rptise (10)

accelerated sums

le-4 2e-4
y (distance from rotor)

3e-4

Fig. 2 Convergence properties of raw and accelerated series

at z=¢/2 in the conical cell, ¢=1, —; ¢=12.75,— — — The
abscissa and ordinate show nondimensional distance from the
rotor and log . of the number of terms required for conver-
gence, respectively.

Journal of Fluids Engineering

approximately 16 terms for convergence, is accelerated by a fac-
tor of about 30. Fogp=12.75, the raw series requires on the order
of 10’ terms, while the accelerated series converges about 180
times faster.

Like the conical cell, convergence in much of the convex stator
cross section r(<0.99) is reasonably good, requiring approxi-
mately 168 to 10° terms. However, convergence degrades rapidly
for the remaining 1 percent of the cell near the stdfég. 3),
requiring 10 terms forr~1—10"%. In this case, the Brezinski
algorithm results in an acceleration factor of 10he better per-
formance for this configuration is due to the fact that E9).is
monotonic, whereas E@5) has alternating terms.

4 Conclusion

Exact series solutions for Couette flow profiles in two nonclas-
sical geometries of current experimental interest are reported.
Convergence of these series is shown to be improved significantly
using a representative convergence acceleration algorithm. These
results can therefore be effectively used as initial conditions for
high-resolution numerical studies of flow transition in these cells.
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Fig. 1 Optical device

A polychromatic flow visualization technique for Particle Streak
Velocimetry (PSV) is described. The method uses several adjoin-

ing laser light sheets of different wavelengths with a homogeneous

power density distribution. This method allows us to make sure of Blue
the 2-D and 3-D nature of flows and to improve the frames quality
processed in PSV. The feasibility study of this qualitative tech- Green
nique is established on a hydrodynamic flow. Red
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beams and guarantees the power density homogeneity along the
sheets width. The scanning mirror amplitude sets the sheets width
dimension.

For a long working distance and a weak sweeping angle, the
polychromatic sheets become real parallelepipeds of light with a
nearly homogeneous power density.

Figure 2 is a top view photography of the three adjoining laser
light sheets. The sheets thickndgsgjual to 2 mm in the present
picture is the same for the three laser sheets and may be adjusted
to values from 0.5 mm to 10 mm.

3 Practicability Experiment

The practicability of the method is established on a hydrody-
namic flow generated in a transparent channel with a rectangular
section(10 cmx4 cm). An obstacleg(i.e., a 3 cmx 1.5 cm vertical
plate is placed in the hydrodynamic chanriek shown in Fig. B
in order to disturb the flow and to create 3-D effects. During the
tests, the water flows out with an average velocity between 0.05
and 0.25 ms! corresponding to Reynolds numbérslative to the
hydraulic diameter of the water chanhelrying from 3000 to
15,000. The water seeding is performed by means of rilsan spheri-
cal particles(Elf Atochem, weak size dispersion around @,
volumic mass of 1.06 g/ct The three light sheets illuminate
three parallel planes along the principal flow direction. The flow is
observed perpendicularly to the laser sheets by using a 3-CCD
color video camergSony XC-003R. The images are digitized
and stored as 726535 pixels by an imaging technologies frame
buffer board(MiroVideo). The observation field is limited to a
rectangular area of 35 mrR25 mm. The three zones of the hy-
drodynamic channel, which are investigated during this feasibility
study, are indicated in Fig. 3.

Figure 4 shows flow visualizations obtained by using the
present technique. The exposure time used in the images pre-
sented is 1/25 s. When a particle moves in the studied zone, the
luminous dash marking its trajectory during the acquisition time
presents a uniform contrast due to the homogeneous power distri-
bution within the light volumes. Consequently, the dynamic be-
havior of the particle can easily be quantified. It can be noticed
that a single particle is about 6—7 pixels large. Moreover, the
particle streak will be made up of one or several colors according
to its displacement.

In 2-D flows parallel to the three sheets, the particles scatter in
only one color(i.e., red, green, or blue colorThese conditions
are those of the initial flow upstream of the obstatene 1
where the flow is expected to be strictly 2-D. This is confirmed b¥, ) ] ) .
the flow visualization presented in Fig(a} which reveals the F19-4 (&) Strictly 2-D flow;  (b) weakly 3-D flow; (c) highly 3-D
presence of particle streaks made up of one color only. This p 2
ture shows that the flow remains strictly parallel to the plane illu-
minated by the laser light sheets. Such conditions are ideal for a
classical study by PSV and the 2-D velocity field may be directlyr tricolor streaks revealing the 3-D trajectories of some tracers. If
determined from such an image. =~ these polychromatic streaks are in a small number, the flow may

The photography displayed in Fig(h is related to the zone 3 pe stydied in PSV as a 2-D flow. An image processing procedure
located at a long distand@bout 40 cm behind the obstacle. We may be applied to remove these few polychromatic streaks before
cannot a priori be sure of the 2-D or 3-D configuration of the flowtracting the 2-D velocity field.
in this region of the hydrodynamic channel. The flow visualiza- For highly 3-D flows, the majority of the particle streaks will be
tions performed by the present method clear up the ambiguiyade up of 2 or 3 colors. This is illustrated in Figcpby the

relating to the flow pattern and indicate the weak 3-D nature of thgy visualization performed in the immediate wake of the ob-
flow in this zone. Indeed, we can note the presence of few bicolgiacle(zone 2.

Seeded

Free surface 35 mm 4 Concluding Remarks
25mm A number of conclusions are offered relative to the flow visu-
: Recording area alization method developed in this paper:
water flow i
. : 1 The use of polychromatic laser tomography is a simple and
“'*—— Laser sheets efficient way for validating 2-D flow configurations.
2 For weakly 3-D flows, an image processing procedure may
Fig. 3 Location of the investigated zones  (side view of the be applied to remove polychromatic streaks before extracting the
hydrodynamic channel ) two-dimensional velocity vectors.

Obstacle
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3 The present method is illustrated by its application to mtroduction
hydrodynamic-channel flow but may be extended to gas flows.

4 Limitations o.f ;he method depeqd mainly on thg VieWinQ:annot be negligible because Knudsen numbljeatio of mean
system characteristics: the depth of field of the viewing syste e path to characteristic lengtare usually greater than 0.01.

limits the laser sheets thickness, the camera sensitivity is not §§<ilic et al. [1,2] developed an analytical model based on the

For gaseous flows in micro-channels, the effect of rarefaction

same for all the wavelengths and consequently an adjustmen vier-Stokes equation with the slip boundary condition to pre-

th%"‘;‘a\’e lines mtensmefs r?f the argon-krypton Iasl;ar IIS requir€fict isothermal helium flows through a parallel plate channel and
and the exposure time of the viewing system must be long enougl}ijated the model with the experimental results with pressure
with respect to the flow velocity so that tracers hgvmg po;&b%tios up to 2.5. Shih et g3] validated this model by comparing
3-D trajectories may cross the three laser sheets in the thicknggs model results of mass flow rate and pressure distribution for
direction. , ] nitrogen and helium flows through micro-channels with their ex-
5 For very low velocity flows, the thickness of the laser sheejgyrimental results. Direct Simulation Monte CafSMC) inves-
has to be reduced to its minimum val(@5 mm with the present tigation by Piekos and Breu@4] showed a discrepancy for pres-
optical devu_:e:m order to enhance the sensitivity of the system tg ;e distribution when compared with the slip-flow model for a
detect possible 3-D effects. pressure ratio of 4.2. Sun et §5] investigated effects of velocity
slip and temperature jump on the momentum and heat transport in
micro-channels based on locally fully-developed assumption
which was used by van den Befr§] to analyze the compressible
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Analysis and Validation of One-
Dimensional Models for Gaseous Flows

in Micro-Channels where h is the half-depth of the channel ang, refers to the
average shear stress at the wall. DSMC simulation for gaseous
flows in micro-channels shows that the maximum ratio of
v(X,y)/u(x,y) is less than one percent. TherefoRecan be as-

@

—2hdP— Z?de:d[ f

pu’dy
h

Hongwei Sun

Research Associate sumed to be only a function of

) Locally Fully-Developed Flow Model. High-pressure drops
Mohammad Faghri over relatively short lengths are common in gaseous flows through
Professor micro-channels. As a result, density and velocity continually

change along the flow axis, and the flow cannot become fully
. . . . developed. Therefore, a locally fully-developed model is intro-
Department of .Mechamcal Engineering and Applied duced.pln this model, the parabolic )\I/elocity F|g)rofile and the wall
Mechanics, University of Rhode Island, shear stress are obtained from the fully developed condition and
Kingston, RI 02881 are locally applied at any cross-section along the micro-channel.
In other words, the velocity profile and the average wall shear
stressr,, in Eqg. (1) can be obtained from the Navier-Stokes equa-

The paper presents three one-dimensional models to simulate g%)n with the slip boundary condition for fully developed flows as

eous flows in micro-channels. These include no-slip flow, simp jows (Shih et al [3]):
fully-developed, and locally fully-developed models. It is shown h2 d
that the locally fully-developed model provides a more accurate u(y)= _( _ _p)
prediction when both rarefaction and gas acceleration need to be 2 dx
considered in micro-flows. Furthermore, the effects of rarefaction

and gas acceleration on the locally dimensionless pressure ratio - du
are specified on the basis of the three models. The validation of Tw™ _'ud_y
these models is accomplished by comparison with the experimen-

tal results.[S0098-220200)02502-5
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By substituting Eqs(2) and (3) into Eq. (1) and integrating pressure variation and the parameters Kn, Re, and Ma are shown
along thex-direction using the ideal gas law and the continuitypased on the dimensional analysis for one-dimensional models.
equation, an expression for the axial pressure distribiRioan be For compressible no-slip flows, the axigf gradient can be

obtained as follows: obtained by differentiating Eq9) with respect tox as:
*_10r12K ( Pflo) dP __3RenRT 11
Pin I fin Pin ' W ) B E h3 ( )
continuum
Pin P X From the Egs.(7) and (4), the corresponding relationships
+2R€ap|6 Knin(F_ 1'0) _Ln(p_in) } =—24 Refi pased on the simple fully-developed model and the locally fully-
4 developed model can be obtained as:
. dp? 3 Reu’RT
where and « are given by: el -
p 9 Y ( dx) _ 2 h3(1+6 Kn) (12)
,LLZRT simple
= 2 2
B=anp,)? d_p) _.3 RenRT (13)
- dx/ .. 2h%1+6Kn)(1—Re Kn’/2m)
9 15+ 5 Kn+16Kn? _ o _
a=—-————"" (5) where the following definition of Knudsen number is used:
4  (1+6Kn)?
I uNTRT
Kn is the average Knudsen number along the channel. From Eq. n= (14)
(4), the corresponding mass flow rate can be obtained as follows: 2v2hp
3 The subscriptontinuum refers to the compressible no-slip flow
G= IRTL Pgu{(P*)2—1.0+ 12 Kny( P* — 1.0 model and subscriptslip and local represent the simple fully-
e developed flow and the locally fully-developed flow model, re-
pu\?2 spectively.
—2( 3 ) RTa[6 Kny,(P*—1.00+Ln(P*)] (6) From Eqgs.(11) and(12), it is clear that rarefaction reduces the
out

pressure drop and friction factor. The reduction is quantified by
To the author's knowledge, Eq&4) and (6) for P and G are the term (1+6 Kn). However, the negative effect is contributed
presented for the first time here. by the gas acceleration term Re”Kn?/27) in Eq. (13). This
conclusion—compressibility negating rarefaction—was also
reached by Beskok et dI7] based on his numerical simulation.
The Knudsen number can be expressed as a function of Mach
number and Reynolds numbgEckert and Drak¢8]) as:

Simple Fully-Developed Model. By neglecting the axial mo-
mentum change in Eql) and using Eq(3), the axial pressure
distribution and mass flow rate can be obtained as follows:

(P ’ 1.0+ 12Kn,| 10)— 24 Ref~ 7 A 2 Ma
Pin ' Mn Pi, B eB h ) Kn= n =\yml2 Re (15)
3
) ) .
G= P2 [(P*)2—1.04+12 K P*_1.0 g) By using Eq.(15), the term (- Re€ Kn?/27) in Eq. (13) can be
3RTLu ol (P) o @) replaced by (+y Ma?) to evaluate the gas acceleration. It is

Equations(7) and (8) are similar to the slip-flow model devel- clear that rarefaction and acceleration have opposite effects on
L P
oped by Arkilic et al[2] and Shih et al[3] and are referred to as Pressure variation and the terms+#6 Kn) and (1-y Ma’) rep-
“simple fully-developed model” in this paper. The simple fully- "eésent the effects of slip flow and gas acceleration, respectively.
developed modgl can predict the increase in mass flow rate due t@15ss Flow Rate. Comparison of mass flow rate versus pres-
gas rarefaction in flows through micro-channels. sure ratios between the three models and the experiment by
Continuum Flow Model. By setting Knudsen numbers in Arkilic [1] is shown in Fig. 1. The experiment was conducted in a
Egs. (7) and (8) to zero, the axial pressure distribution and th@2-254mX1.33umXx7500um micro-channel using nitrogen as
mass flow rate for the continuum flows can be obtained as:  the working fluid. It was found that rarefaction has an important

P\’ 1.0=-24R X 9
Pin 'B h ( ) -12
x10
he 2 2 ®
G= 3RTLu Pouf (P*)"=1.0] (10) *  experiment data (Arkiic)
1,“4 L - simple fully-developed model
Comparison of Eq98) and(10) shows that slip-flow causes an 2 ~ localy fully-developed model .
increase in mass flow rate for a given inlet and outlet pressures. ; """"" Continuum model /6
However, according to E(6), an increase in mass flow rate is 2-3 e
reduced by gas acceleration for high pressure flow conditions. The & .
following analysis reveals that the effect of the gas acceleration £ 2 /
can be related to Mach numbéa) in micro-flows when an = y//
isothermal assumption is valid. é 1 — ’
Discussion and Validation . - | |
1 12 14 16 18 2 22 24

Pressure Distribution. Rarefaction and compressibility ef-
fects on gaseous flows in micro-channels have been studied by
Beskok et al[7] using numerical simulation for two-dimensionalrig. 1 Comparison of experimental results of Arkilic with the
flows with a second-order slip boundary condition. However, faimple fully-developed model, the locally fully-developed
the first time in this paper, the relationships between the locabdel, and the continuum flow model

Pressure ratio, P*
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. developed and locally fully-developed flow models increases from
s . :‘c’:;'f"ule,;'d‘:ﬁf:h::del 0.5 percent to 3 percent and become higher with increaBing
77777 imple fu"y_develo':)ed model based on _the value of the term _{—hf Ma?). Further experimental
st continuum model data for higher-pressure ratios is needed to check the accuracy of
the locally fully-developed model in micro-flows.
CES
Nomenclature
L // ] G = mass flow ratepuW(2h)
h = half-depth of the channel
15 ; Kn = Knudsen numben/2h
L = channel length
5 emm— : ‘ ‘ ‘ Ma = Mach number
4 6 8 10 12 14 _
Pressure ratio, P* P = pressure
P* = inlet to outlet pressure rati®;, /P oy
Fig. 2 Comparison of the experimental results by Pfahler [9] R = gas constant
with the prediction from the three models Re = Reynolds numberpu(4h)/u
T = temperature
) u = velocity in x-direction
Table 1 Comparison between the terms  (1+6 Kn) and (1 T = average velocity in-direction
— ¥ Ma?) at the outlet for Pfahler's  [9] experiment v = velocity in y-direction
p 116 Kn 1— 5 Ma2 W = channgl width _
X,y = Cartesian coordinates
4.3 1.084 0.999 a,B = constants, Eq(5)
172-61 i-ggﬁ 8-8%% v = specific heat ratio
141 1.084 0.906 A = mean free path
21.0 1.084 0.578 M = Viscosity
p = density
7 = shear stress
o, = tangential momentum accommodation coefficient

effect on mass flow rate in the microchannel as was also report®dbscripts
by other researchers. There exists a 17 percent deviation betWE?Htinuum _

) . compressible no-slip flow
the results from the continuum flow model and the experiment ai P P

the pressure ratio of 2.6 when the Knudsen numbers are 0.062 and |0C2| _ :glce;”y fully-developed model
0.165 at the inlet and outlet, respectively. The deviation increases out = outlet

with the increase in pressure ratios. The simple fully-developed simple = simple fully-developed model
model and the local fully-developed model are both in good w = wall

agreement with the experimental results for pressure ratios below

3.0. Simulation for higher-pressure ratios shows that the deviation

between the two models is below 1.0 percent for a pressure ra&ferences

of 14.0. The termy Ma?, which represents the effect of gas ac- [1] Arkilic E. B., Breuer K. S., and Schmidt M. A., 1994, “Gaseous Flow in
. : . Micro-Channels,” Applications of Microfabrication to Fluid Mechanics

ce[e4rat|on, has a magnitude of 10at a pressure ratio of 2.6 and ASME, FED-Vol. 197, pp. 57-66.

10" for a pressure ratio of 14.0 and is still four orders of mag- [2] Arkilic, E. B., Schmidt, M. A., and Breuer, K. S., 1997, “Gaseous Slip Flow

nitudes smaller than the term 6 Kn which represents the effect of in Long Microchannels,” J. Microelectromech. Syst., IEEE pp. 167-178.

rarefaction. [3] Shih, J. C., Ho, C., Liu, J., and Tai, Y., 1996, “Monatomic and Polyatomic

. Gas Flow Through Uniform Microchannels,” Microelectromechanical Sys-
Experimental data reported by Pfah[et was also employed to tems(MEMS), ASME, DSC-59, pp. 197—203.

check the three models. In this experiment, nitrogen was drivenas] piekos, E. S., and Breuer, K. S., 1996, “Numerical Modeling of Microme-
through a 98.73:mXx4.65,mX 10,900um micro-channel and chanical Devices Using the Direct Simulation Monte Carlo Method,” ASME
Reynolds number ranges from 5 to 60 with the fixed outlet Knud-___ J: Fluids Eng.118 pp. 464-469.

. . . 5] Sun, H., Gu, W., and Liu, W., 1998, “Effects of Slip-flow and Temperature-
sen nl‘!mber of 0.014. Simulation results based on the Commuur{] jump on Momentum and Heat Transport in Micro-channels,” J. Eng. Thermo-
flow, simple fuIIy-deveIo_ped_row and local fully-developed flow phys., 19, No. 1, pp. 94—97.
models are presented in Fig. 2. It can be seen that the locally6] van den Berg, H. R., ten Seldam, C. A, and van der Gulik, P. S., 1993,

fully-developed model and the simple fully-developed model ac- _ “Compressible Laminar Flow in a Capillary,” J. Fluid Mecl246, pp. 1-20.
. 5 [7] Beskok, A., Karniadakis, G. E., Trimmer, W., 1996, “Rarefaction and Com-
curately predict the mass flow rate whefi is smaller than 7.6. pressibility Effects in Gas Microflows,” ASME J. Fluids Eng.18 pp. 448—

The deviation appears for higher valuesRdf. The corresponding 456.

variations of the terms (_]: 6 Kn) and (1_ y Maz) are shown in [8] Eckert, E. R. G., and Drake R. M., 197Rnalysis of Heat and Mass Transfer
McGraw-Hill, New York.

Table 1. When (& y Ma?) Varie_s Trom 0.999 to O-QQGP* in- [9] Pfahler J., Harley J., Bau H. H., and Zemel J., 1990, “Liquid and Gas Trans-
crease from 4.3 to 14)1the deviation between the simple fully- port in Small Channels,” ASME, DSC-19, pp. 149-157.
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