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Abstract

The continuum and slip choked flows of low-density air through a narrow parallel-plate channel with adiabatic walls
are investigated by means of finite-difference numerical calculation, experiment and analytical solution. In the nu-
merical calculation based on two-dimensional compressible viscous boundary layer equations, the previous method is
improved to achieve a higher precision of the choked state by decoupling the pressure term from momentum equation.
The numerical results of discharge coefficient, pressure distribution and surface temperature distribution agree well with
the experimental data. As the upstream tank pressure drops, the numerical results of friction coefficient and recovery
factor approach the asymptotic values for the incompressible developed flow. © 2001 Elsevier Science Ltd. All rights

reserved.

1. Introduction

The study of flow and temperature fields of rarefied
gas in a narrow channel is often encountered in the
application of vacuum engineering such as the leak de-
tection of the zinc physical vapor deposition line [1,2]. In
the latest decade, with the development of micro-ma-
chine technology in such areas as microelectronics,
bioengineering and advanced energy systems [3], the
studies on slightly rarefied gas flow in micro-channel (i.e.
micro-flow) have been carried out by researchers in the
fields of micro-electro-mechanical systems (MEMS). In
the recent investigations of micro-flow, the effects of gas
compressibility, rarefaction and friction have become
the major investigation focuses. Especially, the relatively
low speed flow or isothermal flow in the micron size
channel have been well studied [4,5]. For example,
Harley et al. [6] have conducted theoretical analysis and
experiments on the gas flow in the micro-parallel-plate
channel. The analysis is based on one-dimensional
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compressible viscous flow equations including the slip
effect at channel wall. Although many discussions about
the frictional coefficient have been made, the choked
flow is just simply referred.

It is well known that the rarefaction effect depends on
the Knudsen number, i.e. the ratio of the molecular
mean free path to the representative dimension of the
channel. As Arkilic et al. [4] pointed out, the study of
micro-flow is driven by the study of low density gas in
normal-size channel. For the micro-flow, there remains
many difficulties in [7]:

e The accurate measurement of mass flow rate.

e The measurement of the pressure and temperature
distribution along the channel.

e The characterization of the size and shape of micro-
channels.

Nagayama et al. [8] have conducted a two-dimen-
sional calculation of rarefied gas flow with pressure from
6.7 kPa to 0.067 Pa in a 10-cm high channel by the direct
simulation Monte Carlo (DSMC) method, and the heat
flux of the uniform-temperature wall has also been
evaluated. But they have only investigated the flows of
velocity lower than 50 m/s and Kn higher than 0.01.

Based on the compressible viscous laminar boundary
layer equations, Kashiwagi et al. [9] have conducted a
two-dimensional numerical calculation of the critical air
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Nomenclature

a acoustic velocity

Cy discharge coefficient, ratio of actual mass flow
rate to that of one-dimensional isentropic flow

G 8ty/(pnu?) friction coefficient

Gy specific heat under constant pressure

G f; pu dy/(pgeaeoh) non-dimensional mass flow
rate

h channel height

k thermal conductivity

Kn  J/hor (0.579)"° MalRe Knudsen number

/ channel length

Ma  Mach number

p pressure

P p/poo non-dimensional pressure

Pr Cpu/k Prandtl number

q heat flux

R gas constant

Re  Regy = pogaooh/ gy, Reo = pouo2h/ 1y, Reynolds
number

T temperature

u x-component of velocity

v y-component of velocity

x, y  spatial coordinates, see Fig. 1
Xc 1/ (RegoProoh) non-dimensional nozzle
characteristic number

Greek symbols

energy accommodation coefficient

ratio of specific heats

molecular mean free path

viscosity

density

tangential momentum accommodation
coefficient

Ty Ty = u(0u/dy),_,, shear stress of fluid at wall
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Subscripts

0 channel inlet

00 upstream tank (stagnant state)

e channel exit

e downstream tank

i,j grid numbers in x- and y-directions
] slip flow

w channel wall surface

m average across channel

00 channel centerline, at y = /2

flow in a parallel-plate nozzle with the adiabatic walls or
uniform temperature walls. They have compared the
numerical results of mean Nusselt number and stream-
wise gas density distribution with the experimental data
[10]. However, their calculations and experiments are
just limited to the continuum flow of relatively high
upstream tank pressure (i.e. high Reynolds number)
which is close to the atmospheric pressure. In either
study, field of vacuum engineering or MEMS, the in-
vestigations on the choked rarefied gas flow in a parallel-
plate channel are still quite limited.

In order to investigate the slightly rarefied gas choke
flow in continuum and slip flow region, we generate the
rarefaction with low-density gas in a millimeter-size
channel. In our previous studies [1,2], an one-dimen-
sional approximation method has been proposed for the
continuum and slip flow in a parallel plate channel. The
discharge coefficient correlation proposed agrees well
with the experimental data for the channels or nozzles
with adiabatic walls.

In the present study, in order to compute the flow at
the pressure as low as possible using the two-dimen-
sional compressible viscous laminar boundary layer
equations, we first improve the iteration method of
Kashiwagi et al. [9] by decoupling the pressure term
from the momentum equation. With a relatively higher
choke precision, the numerical calculations are con-
ducted in a wide range of upstream tank pressure (i.e.
Reynolds number). In the experiment, the mass flow

rates and wall surface temperature distributions along
the channel are measured. A good agreement between
the numerical results and the available experimental
data is achieved. In addition, an one-dimensional ana-
Iytical expression of the recovery factor is deduced for
the fully developed incompressible internal flow with the
velocity slip and temperature jump.

2. Mathematical formulation
2.1. Governing equations

For the continuum and slip gas flow in a narrow
parallel-plate channel, the numerical calculation can be
based upon the two-dimensional compressible viscous
laminar boundary layer equations. The geometry of
channel, the Cartesian coordinates and the differential
meshes are schematically shown in Fig. 1.

upstream | __ =120 mm | downstream
tank = 1 ] tank
o T ..... =1 mm EEE;I Jue
N il i+l
TOO 0‘ ’X L
Inlet Channel wall Exit

Fig. 1. Two-dimensional parallel-plate channel.
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The steady-state governing equations consist of
continuity, momentum, energy, and ideal gas state
equations:

o) + 55 (p0) =0, 1)
o) =L 2 (1), ©)
0
5

) () (3)'

x Yoy ) M
p = pRT. (4)

The expressions of mass flow rate, viscosity and thermal
conductivity of air are given by:

/0 pudy = pouoh, (5)
1= oo (T/To0)"™, (6)
k = k()o(T/Tbo)O'gé. (7)

2.2. Boundary conditions

In the calculation, all the variables are assumed to be
uniformly distributed at the channel inlet of x = 0. They
are evaluated by the assumption of isentropic flow from
upstream tank to channel inlet.

For the slip flow, the velocity and temperature
boundary conditions are given as follows. Here, due to
the channel symmetry about y = //2, only the boundary
conditions for x > 0 and y = 0 are shown. The velocity
boundary conditions are that the vertical velocity v
vanishes at the solid wall, and the stream-wise velocity u
at wall (i.e. slip velocity) becomes non-zero [11]

2—a,(0u 3 u [0OT
) an(E) e

Another effect of slip flow is that there exists a tem-
perature jump [11] between the wall surface temperature
T,, and the contiguous gas temperature 7,
2—a 2y A [0T
Ty =Tyoo— s-x &Y A (O
o y+1Pr\ 0y
1 49 1-a o ,

Cortl o 1—a™

Uy—o = Us

©)

where ¢ = 1.0 and o = 0.97. Here, in the case of con-
tinuum flow, Eqs. (8) and (9) become u,_, =0 and
T = T,—o, respectively, and the equations from (1)—(9)
become just the same as that of Kashiwagi et al. [9].
As Maslen [12] proposed, moreover, the heat trans-
ferred to the wall should take into account of the shear

stress work ¢’ done by the slipping fluid adjacent to the
wall. This effect can be expressed as the boundary con-
dition of

orT Ou
k(= :—qw—q’:—qw—uus(—) , 10
( dy ) y=0 oy y=0 (19)

where for adiabatic wall: g, = 0, while for continuum
flow: ¢’ = 0. In this numerical calculation, with the drop
of upstream tank pressure py (i.e. the increase of the
rarefaction), the continuum boundary conditions are
converted to slip ones [7] from Kny>1073. This is
equivalent to py <6.69 kPa for the channel shown in
Fig. 2.

Here, some explanations about the boundary con-
dition equation (10) are given. If the energy equation (3)
is integrated about y from y =0 to 4/2, the following
one-dimensional energy equilibrium equation for slip
flow can be obtained:

d hy2 2
([ m(se))
0
Ou oT
= —uus| — — k| — . 11
# (ay)y—() (ay)y—o ( )

It is easy to find that the integral of the left-hand side
indicates the total energy brought by the fluid through
the channel. Based on the principle of energy conser-
vation, the left-hand side must be equal to the energy
conducted through the wall to the fluid ¢,,. Therefore, it
is proved that the shear stress work ¢’ should be included
in the heat transfer boundary condition for slip flow.

@[5 )

d =300 mm /= —

1: Clean-Air System 2: Mass Flow Meter

3: Pressure Regulator 4: Total Temperature Probe
5: Parallel-plate Channel 6: Total Temperature Probe
7: Valve 8: Vacuum Pump System

Fig. 2. Experimental setup.
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2.3. Numerical procedure

In the numerical calculation of boundary layer
equations, the finite difference forward-marching pro-
cedure has the advantages of less computer memory
demand and shorter computing time cost. This pro-
cedure is first proposed by Bodoia et al. [13] for the
viscous incompressible flow in a parallel-plate channel.
Kashiwagi et al. [9] have applied it to the compressible
flow. In the numerical procedure reported by Miyatake
et al. [14], which is commonly used for incompressible
flow, the technique of decoupling the pressure term from
momentum equation has been adopted for the incom-
pressible flow. With the aim to improve the precision
and capability of Kashiwagi’s procedure [9] for the low
density gas flow, Miyatake’s iteration scheme [14] is used
in the present computation. In addition, the same dis-
cretization scheme as that of Kashiwagi et al. [9] is
chosen for the governing equations (i.e. upwind differ-
entiation for the convection term), only besides that
Miyatake’s [14] discretization methods are employed in
the continuity equation and temperature boundary
condition. In the non-dimensionalization of the vari-
ables in the above governing equations and boundary
conditions, the similar manner as that of Kashiwagi et al.
[9] is chosen.

The above calculations of each forward-marching
step are processed from the channel inlet towards the
exit. In order to achieve the choked flow state, the
whole-channel calculation is iterated with the assumed
inlet velocity u, increased gradually until the choke
condition of —0G/0P. < e, is satisfied for the given value
of po and Ty. Here, e, is the precision for choked flow
state.

3. Experimental setup and method

The experimental setup is schematically depicted in
Fig. 2. From the clean-air system 1 (composed of a
compressor, a dryer and two filters), the air passes
through the mass flow meter 2, pressure regulator 3 and
then flows into the vacuum tank. The vacuum tank with
the diameter of 300 mm is separated into two chambers
by a flange on which the test section 5 is installed. The
air is finally exhausted into the vacuum pump system 8.
The pressure-regulated air in the upstream tank is ap-
proximately at the room temperature.

In the measurement of mass flow rate, five types of
laminar air flow meter (precision: <2.5%) are used for
different ranges of py. For the cases of py <0.17 kPa,
the capacitance manometer with unsteady method
(precision: <0.15%) is employed. In this method, the
mass flow rate is calculated based on the rising speed of
Peo after the valve 7 is closed while py remains constant.
For the flow in choked state, py can be kept constant for

several seconds if py is low enough. At this moment, the
capacitance manometer with high time-responsibility is
employed in the measurement of p, variation. In the
measurements of steady pressures, the digital man-
ometers and Mcleod gauge are used.

The channel walls (19.0-mm thick) are made of
paper-base phenolic resin with a glossy and smooth
surface (maximum roughness Ry, = 0.88 um). As
shown in Fig. 1, the channel is 1.0-mm high, 120-mm
long and 50.5-mm wide. Two inner surfaces of the
channel are plated with 1-um(£10%) thick Nickel. They
are supplied with DC to generate an uniform heat flux in
the later experiments. This plating technology can keep
the surface roughness almost the same as that before
plating. The wall surface temperatures at 10 locations
with different values of x are measured by the Type-E
thermocouples with the diameter of 25 pm. Each ther-
mocouple is embedded just beneath the surface. The
distance of each thermocouple junction to the channel
inner surface is less than 0.5 mm. In order to confirm the
adiabatic effect of wall, a point of the channel outer
surface temperature is also measured.

4. Results and discussions
4.1. Choked state and discharge coefficient

Under certain upstream tank pressure, as the down-
stream tank pressure drops down, the mass flow rate
through the channel increases gradually to a saturation
value, which is termed as the choked state. As Kashi-
wagi et al. [9] studied, however, it is not easy to obtain
the choked state in two-dimensional calculation as ex-
actly as that in one-dimensional approximate solution.
It has also been shown in the experimental study [15]
that the lower the upstream tank pressure becomes, the
more difficult the choked state can be achieved.

In the flow range of 1000=1/Xc=5.05, Kashiwagi
et al. [9] approximately calculated the choked continuum
flow with a choke precision of e. = 1%. Here, Xc is the
nozzle characteristic number proposed by Kashiwagi
et al. [9]. In the continuum flow model of this study, a
higher choke precision and a wider applicable region
(10002 1/Xc=1.87) are obtained than those of Kash-
iwagi et al. [9]. The calculated examples of the choke
precision e, achieved in the present study are shown in
Table 1, as well as the value of relative choke precision
e. X P./G and the pressure of upstream tank and chan-
nel exit. As shown in this table, for all the cases when
Ppoo > 1.36 kPa, the choke precision values are approved
to be lower than 1% of Kashiwagi et al. [9]. When the
upstream tank pressure py becomes lower, it tends to be
difficult to obtain a small value of the choke precision e..
When py < 1.36 kPa, the maximum Mach number at
the channel exit cannot exceed 1 so that the deviation



W. Shi et al. | International Journal of Heat and Mass Transfer 44 (2001) 2555-2565 2559

Table 1
Precision for choked flow state
1/Xe Py (kPa) P. (kPa) e. (%) e. X P./G (%) Ax/(hRey) x 10752 Ay/h x 1072
12.91 9.4 2.0 0.05 0.04 0.95 2.0
3.68 2.7 0.3 0.05 0.046 8.5 1.25
1.87 1.36 0.18 0.31 0.552 8.5 1.25
0.75 0.55 0.11 1.5 9.2 8.5 1.25

#For x/1<0.05 or x/I > 0.95.

from the choked state seems to become large, especially
near the channel exit. In addition, e. x P./G can be
considered to be a more reasonable criterion than e, for
the low-density gas flow, because it can take into ac-
count of the extreme reduction of mass flow rate when
the pressure is very low. This value is smaller than
0.552% when pyy > 1.36 kPa.

In order to make a comparison, Fig. 3 shows the
discharge coefficients Cy of this numerical results by the
continuum flow model, and that of Kashiwagi’s nu-
merical results [9], as well as the analytical solution by
Eq. (12)

11007176

Cy = =
47 19.444Pry, Xc Xc

(12)

Eq. (12) derived from Arkilic et al. [4] gives the limiting
value for the isothermal flow in a very long channel
(I — oo) with extremely low pressure ratio (p./po — 0).
It is corresponding to the solution of C; X Rey = 96 in
the following.

In Fig. 3, the numerical results of Kashiwagi et al. [9]
are re-plotted in the dash line (the values are read from
their figure). As the pressure py, decreases, the numerical
results of this study become higher than their results,
with the maximum about 10% higher at 1/Xc = 5.05. As

poo reduces further, the discharge coefficient of this cal-
culation asymptotically approaches to the isothermal
flow value predicted by Eq. (12).

If the slip boundary conditions are applied in the
calculation, the choke precision obtained can be smaller
than that by the continuum model. This will be con-
firmed by the comparisons between the experimental
data and calculated results in next section. As shown in
Fig. 5, when py is as low as about 0.32 kPa
(1/Xc = 0.42), this slip model can still give almost the
same discharge coefficient as that of the experimental
data or one-dimensional approximation result. As indi-
cated in Fig. 6, moreover, the stream-wise pressure dis-
tributions predicted by this slip model agree well with
the experimental data even at 1/Xc¢ =0.628. In the
subsequent parts of this paper, the comparisons and
discussions of the numerical results and experimental
data are made for the flow regime of py =0.32 kPa
(1/Xc=0.42). In this flow regime, the relative choke
precision of —(0G/0F,) x P./G is less than 8%, and the
value of local Knudsen number is lower than 0.06.

In order to clearly illustrate the previously mentioned
choke precision by some examples, Fig. 4 shows the
variations of dimensionless mass flow rate G with drop
of the downstream tank pressure pe, while the upstream

Continuum model
O‘m """"""""""
fffffffff Eq.(12)
0.1 —— This work [
fffffff Kashiwagi []

10

1/Xc [

10

Py [KPa]

Fig. 3. Application range of continuum model.
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0.01 1 1 1 : 1 1 il
0.0 0.2 0.4 0.6 0.8 1.0
Poo! Py [
Py
[kPa] Kn, Ma, Re, 1/Xc
A: 40.0 0.00019 0.455 747777 55.35
B: 13.35 0.00053 0.326 1822.8 17.49
C: 6.65 0.00104 0.237 690.6 8.75
D: 1.32 0.00514 0.072 41.5 1.73

Fig. 4. Camparison of the choked flow state.

tank pressure py keeps constant. Here, in the numerical
data, the channel-exit pressure p, is employed as the
downstream tank pressure py, because this calculation is
just conducted from the upstream tank to the channel
exit. It is shown that the numerical results are in a good
agreement with the experimental data. In both exper-
iment and calculation, as py drops down, the minimum
value of pressure ratio peo/poo for achieving the choked
state tends to be far smaller than 0.528 of the isentropic
flow. This may be mainly attributed to the viscous effect
in both experiment and numerical calculation.
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4.2. Discharge coefficient

Fig. 5 shows the two-dimensional numerical calcu-
lation and one-dimensional approximation [1] results of
the discharge coefficient, as well as the experimental
data. For the slip model, almost the same results of Cy
are given by this two-dimensional calculation as that by
one-dimensional analysis. A good agreement is obtained
between the numerical results and the experimental data.
For py higher than about 13.3 kPa, the numerical values
of Cy4 appears to be slightly higher than the experimental
data, which implies that the flow may have developed
into the turbulent flow. In the low pressure region of
po0<0.13 kPa, the scatter of the experimental values
becomes apparent. At py = 0.08 kPa, this two-dimen-
sional slip model gives too low value and appears not
applicable due to the high Knudsen number which is
close to the transition flow region.

4.3. Distributions of pressure and friction coefficient

Because the measurement of the stream-wise pressure
distribution has not been conducted in this experiment,
the experimental data (2 = 0.7 mm, / = 150 mm) of our
previous study [2] are plotted in Fig. 6 to compare with
the numerical results. Fig. 6 shows a good agreement
between them for both continuum flow of py = 13.33
kPa and slip flow of pyy = 1.33 kPa.

For the isothermal continuum flow in a very long
channel, the pressure distribution expression of Eq. (13)
can be obtained from the analysis of Arkilic et al. [4],
and also shown in Fig. 6.

i:,/lf% (13)

Experiment:

o Steady Method
4 Unsteady Method

— 01¢ __
o K Calculation: ]
© o 2D, no-slip |
PN N el
Ao"%(i‘/ 2-D, slip ]
AT 1-D, no-slip
0.01F S0 e 1-D,slip -
0.1 1 10
Py, [kPa]
0.1 10
1/ Xe [-]

Fig. 5. Discharge coefficient Cy.



W. Shi et al. | International Journal of Heat and Mass Transfer 44 (2001) 2555-2565

2561

1.0 [S ' ' I
=150 mm
T o8t h=0.7 mm |
w=32 mm
o 06 -
~
Q pOO
0.4 I [kPa] Cal. Exp. Kn, 1/Xc 1
[ 13.33 o 7.4x10% 7194
021 153 o 7.2x10° 0.628
----------- Analytical result i
O'O -I 1 1 1 1 ‘:‘
0.0 0.2 04 0.6 0.8 1.0
x/1 [

Fig. 6. Comparison of pressure distribution.

It can be clearly found in Fig. 6 that, except the vicinity
of channel exit, the analytical solution given by Eq. (13)
is only in a good agreement with the two-dimensional
numerical result in the case of py = 1.33 kPa. In this
case, the numerical value of Kn, increases from
7.2 x 1073 at the inlet to 5.0 x 1072 at the exit.

Fig. 7 shows the distributions of the friction coef-
ficient in the form of C; x Rey for several typical cases
of this numerical calculation. In the cases of higher
Poo, the frictional loss appears quite large in the vi-
cinity of channel inlet and exit. With the drop of pq,
these inlet/exit effects tend to diminish, and the over-
all distribution tends to drop to the value of the fully
developed incompressible flow. In the cases of
poo S 1.36 kPa, due to the relatively high rarefaction
the distributions become lower than the value of
Cf X R@o = 96.

4.4. Distributions of wall surface temperature and recov-
ery factor

It is well known that the wall surface temperature of
adiabatic flow is very important in the heat transfer
analysis of high-speed compressible flow. The adiabatic
wall temperature has been well studied in the boundary
layer flow on a flat plate, and is usually correlated with
the recovery factor r. It has become a common knowl-
edge that for laminar flow: » = Pr'/2; while for turbulent
flow: r = Pr'/3. However, investigations on adiabatic
wall temperature for the internal flow are very few.
McAdams et al. [16] have measured the adiabatic wall
temperature for the subsonic turbulent flow in a pipe,
and pointed out that it is rational to define the heat
transfer coefficient with the adiabatic wall temperature.
Although Kashiwagi et al. [9] have discussed the heat

pOO

s [kPa] Ma, Kn, Re,

107 ¢ 0.55 0.034 0.01234 7.6 ]
nd | (— 1.36 0.074 0.00498 44.0
T 6.69 0.237 0.00104 670.5
T ——13.4 0.328 0.00053
x e C,X Re=96
-

[0 s

0.0 0.2 0.4 0.6 0.8 1.0

x/1 []

Fig. 7. Fricition coefficient distribution.
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transfer characteristics for the uniform-temperature
wall, they have not presented either numerical or ex-
perimental results of the adiabatic wall temperature.
Whereas in the research field of MEMS [5], some efforts
have been paid on the development of the surface tem-
perature sensor for micro-channel, but the experimental
results have not been reported yet.

In this study, the stream-wise adiabatic wall tem-
perature distribution has not only been calculated but
also measured for a wide range of pressure. In Fig. 8(a),
the numerical results at py = 2.67, 4.0, 8.09 kPa are
compared with the experimental data. The numerical
results are in relatively good agreement with the exper-
imental data at py = 2.67 kPa. As the py increases,
however, the nearer to the channel exit the lower the
numerical results are than the experimental data. At
poo = 8.09 kPa (Rey = 916.2) the maximum absolute
temperature difference is about 1.5 K at x// = 0.917.

In the experiment, the wall surface temperature dis-
tribution has the tendency to be uniform along the
channel length due to the heat conduction in the wall so

W. Shi et al. | International Journal of Heat and Mass Transfer 44 (2001) 2555-2565

that the absolute adiabatic wall condition is hard to be
satisfied. On the other hand, however, because the
conductivity of the paper-base phenolic resin wall is so
small (k = 0.23 W/m? K)), it seems that this temperature
difference cannot be attributed to the heat conduction in
wall only. The possibility that the flow may have de-
veloped into the turbulent flow should not be excluded
[17,18].

In the lower pressure cases of py = 1.36 and 0.55
kPa, the velocity slip and temperature jump at wall be-
come relatively significant. As shown in Fig. 8(b), the
numerical results given by the slip model with the shear
stress work ¢’ incorporated, are compared with the re-
sults by that ¢’ ignored. The measured wall surface
temperatures appear to be uniformly distributed along
the channel, and the numerical results with ¢’ incor-
porated give the distributions much closer to the exper-
imental data.

Moreover, in order to investigate the variation of
adiabatic wall temperature for a wider range of py, the
experimental and numerical results of AT (= Ty, — Too)

1.00
T 0.99
=5 0.98
~
[ :
0.97 267 © 0.00265 151.2
40 o 0.00170 308.3
096 809 v 0.00086 916.2 I
095 1 N 1 1 1 N 1
0.0 0.2 0.4 0.6 0.8 1.0
(a) x/1 []
1.00 T T T T T T
= 098 I [ 5ih model i
l\% '\\
- 096 | b
S Poo "\,‘3,'
[kPa] Kn, with ¢’ Exp. without g\
0.94 - 1.36 0.00498 ------- D e ‘
0.55 0.01234 a
092 1 1 1 1 1 I\I
0.0 0.2 0.4 0.6 0.8 1.0
(b) x/1 []

Fig. 8. Channel wall surface temperature distributions.
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100 1000 10000
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Fig. 9. Surface temperature variation with py.
at the positions of x// = 0.125, 0.5 and 0.917 are shown Here
in Fig. 9. For py lower than about 0.32 kPa, both nu- _ _
ical and experimental values of AT b T A e R
merical and experimental values o appear to be =5 = =T y+ib

constant and close to zero. As py rises, the absolute
value of AT tends to be enlarged gradually, as well as the
differences between the experimental data and numerical
results. In the region that the flow could be considered as
laminar flow (pg < 8.09 kPa), the numerical values can
well predict the variation of experimental results. At
about py = 25.3 kPa, the experimental data of the value
of AT reaches the minimum at all positions, and then
increases as the pressure py rises up further.

For the internal flow, the recovery factor r is defined
by McAdams et al. [16] as follows:

Taw - Tm Taw - Tm
= =
T —Tn  (#)y/2G"

where T;, is the bulk mean temperature, and (#?),_ /2 is
the kinetic energy carried by the unit mass of the fluid
through the channel cross-section.

For the fully developed incompressible flow in a
parallel channel with adiabatic walls, the analytical
solutions of velocity and temperature can be obtained by
integrating Eqgs. (2) and (3). By incorporating the first-
order velocity slip and temperature jump boundary
conditions, the velocity and temperature profiles across
the channel can be obtained as:

u _41//Kn+17172
4yKn+ 1

(14)

(15)

@ - )
0t = 2(4yKn + )n? + 1 + 16yKn + 32y fKn® ﬁuz

2(4yKn + 1) G

(16)

T=T,—

Therefore, the recovery factor r defined by Eq. (14) be-
comes

r=~Fr
L 14yKn + (140/3)(y + B)YKn® + 280py’ Kn’
1 + 14yKn + 70(yKn)* + 140(yKn)’

(17)

For the continuum flow when Kn =0, r = Pr and the
value of r becomes greater than Pr as Kn increases. This
suggests that the recovery factor of the internal contin-
uum flow is smaller than that of the flow on a flat plate if
Pr < 1. As py drops from 13.4 to 0.55 kPa (similar to
Fig. 7), the numerical distribution of r along channel
length tends to rise up and approach r = Pr gradually
although it is not plotted here. As shown in Fig. 9, when
poo 1s higher than 25.3 kPa, the measured AT increases.
This indicates that the value of r is close to 1 in turbulent
flow, which is in accordance to the values of
r =0.875 ~ 0.905 obtained by McAdams et al. [16] for
subsonic turbulent air flow in pipe at atmospheric
pressure.

4.5. Distributions of velocity and temperature across
channel

In the typical cases of py = 13.4, 6.69, 1.36 kPa, the
numerical results of velocity and temperature distribu-
tions across the channel are shown in Fig. 10. Mean-
while, the analytical solutions of continuum flow
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Fig. 10. Velocity and temperature profiles across the channel.

(Kn = 0) given by Egs. (15) and (16) are also plotted for
a comparison, where the values of velocity u. and
temperature Ty, are from the two-dimensional numerical
results.

As shown in Fig. 10(a), in high-pressure case of
poo = 13.4 kPa, there remains the potential flow near
the channel inlet (x// = 0.05) in the numerical results
of velocity distribution. Due to the acceleration of the
flow along the channel, even at the middle of the
channel (x//=0.5) there still exists some deviations
from the analytical solution of fully developed in-
compressible continuum flow. This deviation is greatly
enlarged near the channel exit (x// = 0.95). In the slip
flow of pyy = 1.36 kPa, the two-dimensional numerical
result gives almost the same velocity profile as the
analytical one, except some differences caused by the
slip velocity at the wall. Therefore, this suggests again

that the numerical values tend to be close to the an-
alytical values of incompressible flow with the drop of
pressure py or the increase of rarefaction. Fig. 10(b)
shows the similar tendency of the temperature distri-
butions. Also in the case of py = 1.36 kPa, the devi-
ation of the two-dimensional numerical results from
the analytical solution in the vicinity of the exit might
be attributed to the relatively high temperature jump
at the wall and the flow acceleration for the choked
state.

5. Conclusions
The characteristics of the velocity and temperature

field of choked low-density gas flow in a narrow parallel-
channel with adiabatic walls have been clarified by
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means of numerical calculation, experiment and ana-

Iytical approximate solution for a wide range of pressure

(Reynolds number) region covering the continuum and

slip flow. The main concluding remarks can be sum-

marized as:

1. A two-dimensional numerical method is proposed for
choked low-pressure flow including slip flow. It is
shown that the numerical results agree well with the
available experimental data on discharge coefficient,
pressure distribution and wall surface temperature
distribution.

2. The characteristic of the friction coefficient distribu-
tion along the channel has been quantitatively clari-
fied.

3. From the continuum flow to the slip flow, the adia-
batic wall temperature distributions are successfully
measured. The effect of shear stress work caused by
the slipping fluid at the wall is quantitatively shown.
Moreover, it is proved that the temperature recovery
factor r of fully developed incompressible laminar in-
ternal flow is equal to Pr, which is different from the
value of » = Pr'/? of the laminar boundary layer flow
on a flat plate.
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