
184 J. THERMOPHYSICS VOL. 6, NO. 1

0.10

0.08

0.06

0.02

0.00
0.98

30 3 2 40 4 234 36 38

K ( 1/cm )
Fig. 3 Error sum calculated for different K and to.

width of the scattering sample (KL) was not recorded in the
experiment, therefore numerical data for an one-dimensional
slab (KL —» o°) are used in the calculation.

An initial estimate for the extinction coefficient K is ob-
tained by interpolating the LI900 transmission data in the
optically thin limit. For each assumed K and co, an error sum
is calculated by

5 = "l2al/ (12)

with the summation extended to all measured data points.
The behavior of 5 for different a) and K is shown in Fig. 3.
It is apparent that the present approach is numerically stable.
It yields a unique least-square prediction for a) = 0.95 and
K — 37 cm"1. A Mie calculation, based on the known fiber
size distribution of the test sample, yields a) = 1.0, K = 148
cm"1, and b = 0.173. The discrepancy in K can probably be
attributed to the anisotropic scattering effect which is not
included in the model and the uncertainty of the index of
refraction utilized in the Mie calculation. Nevertheless, the
agreement in a> and the ability of the model to predict the
qualitative behavior of the transmissivity suggest that the cur-
rent mathematical model and experimental approach is a
promising procedure for the determination of optical prop-
erties. It is also apparent that this procedure can be readily
extended to applications for anisotropically scattering mate-
rials.

IV. Conclusions and Future Works
A unique experimental and numerical procedure is shown

to be effective in predicting optical properties for a two-di-
mensional absorbing and isotropically scattering medium.
Analysis of some limited data generated for a fibrous insu-
lation material (LI900) shows the potential of present ap-
proach.

Additional experiments are needed to verify the statistical
reliability and sensitivity of the proposed experimental tech-
nique. Since most insulation materials scatter anisotropically,
an extension of the numerical procedure to general absorbing,
anisotropically scattering media is required. The recently de-
veloped generalized zonal method8 appears to be ideally suited
for the extension. These efforts are currently underway and
results will be reported in future publications.
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Introduction

T HE problem of steady flow and heat transfer character-
istics around a circular cylinder has been widely inves-

tigated. At the situation of Reynolds number 5 < Re < 40
there exists a pair of steady and symmetric vortices right be-
hind the cylinder. When Re > 40, the flow begins to have an
unsteady motion. The vortices are oscillating periodically and
flowing in the downstream direction. Thoman and Szewczyk,1
Gresho et al.,2 and Hwang et al.3 studied the time-dependent
flow characteristics of a circular cylinder. Jordan and Fromm,4
Lin et al. ,5 Patel,6 Lecointe and Piquet,7 and Smith and Brebbia8

have presented their numerical results for the unsteady in-
compressible viscous flow past a circular cylinder.

Jain and Goel,9 Me Adam,10 Kramers,11 Van der Hegge
Zijnen,12 and Tsubouchi and Masuda13 discussed the devel-
opment of the vortex shedding behind a circular cylinder.
Karniadakis14 used the spectral element method to solve forced
convection heat transfer from an isolated cylinder in crossflow
for Reynolds numbers up to 200. In the present paper, the
problem of transient laminar forced convection from a hori-
zontal isothermal cylinder is studied. The Navier-Stokes equa-
tions and the energy equation for an unsteady incompressible
fluid flow are solved by using a body-fitted orthogonal co-
ordinate system and spline alternating direction implicit (SADI)
method, described by Rubin and Graves.15 The computed
results are compared with previous experimental correlations
and numerical results. Although there are many investigations
concerning this subject, the main contribution of the present
paper is that a different numerical technique is applied and
the results are extended to Re = 500.
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Mathematical Formulation
Consider the problem of a cylinder of radius R and an

isothermal surface with temperature T5, placed in a uniform
freestream of temperature Tx and velocity U. The cylinder is
considered to be long enough so that the end effects can be
neglected and the temperature difference is assumed to have
a negligible effect on the fluid properties and the fluid is
incompressible. Assuming that the buoyance force is small
compared with the inertia force, that is Gr/Re2 « 1, forced
convection occur. The dimensionless governing equations can
be written as follows:
Energy equation

dT Wdj[ _ d^d^T
dt dy dx dx dy

Vorticity equation

2 id2T
RePr (dx2 dy2

dco
~dt
ow uyj uuu uy uw t* i i> w v w i x — x .
*. *\ . »\ _ . "\-. *\-. n _ \ "\,.7 ru.2 / ^ 'dy dx dx dy

Stream function equation

Re \dx2 dy:

(3)

The equations are nondimensionalized in terms of the follow-
ing dimensionless quantities:

x = = L, u* = It,
fl 17

v = ,

, . f
In the following the notation * is omitted for convenience.
The dimensionless initial conditions at t < 0 are:

= o, o> = o, r = o (5)

on the boundary T3, T4, T6, and T7 at t > 0

The boundary conditions on the cylinder are on the boundary
Ft at t ̂  0

(6)

(7)

(8)

= I r - -1 sin 0

co = 0

on the boundary r5 at t > 0

Numerical Procedure
The governing equations, and initial and boundary condi-

tions can be expressed in terms of a body-fitted coordinate
developed by Thompson et al> as shown in Fig. 1. The do-
main of solution considered in this study extended to a down-
stream distance of approximately 38 R from the center of
cylinder and to a upstream distance of 10 R. Fig. la shows
that multiply connected regions can be treated by segmen-
tation into simply connected subregions for which the Di
richlet problem remains well posed. In order to create grid
lines conveniently, the whole computational domain was di-

R E G I O N - 1

-12.00 -5.50 1.00 7.50 U.OO 20-50 27.00 33-50" 40-00

a) Physical plane

IT B

b) Transformed plane

Fig. 1 Transformation of the solution domain.

vided into two subregions, region 1 and region 2. Region 1
is a simply connected region and region 2 is a multiply con-
nected region around the cylinder. Curve GD is the interface
of the two subregions. It was assumed to satisfy the elliptical
curve

. y2 _ .
102 (9)

where a = 5, b = 3.
The boundary-fitted physical coordinate system is created

by solving the following system of Poisson equations:

(10a)

(lOb)

where P and Q are the coordinate control functions that pro-
vide the control of the mesh concentrations. Since it is desired
to perform all numerical calculations in the transformed plane,
the dependent and independent variables must be inter-
changed in Eqs. (lOa) and (lOb). The transformed equations
are

= -J2(Px€ (Ha)

(lib)
where

a = x2 + y2; p =

J =

+ y = x2 + y2'
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and the boundary conditions become, on the boundary Ff at

Fig. 2 The body-fitted coordinate system.

The difficulty of interior grid control has been overcome
by devising general source terms P and Q that are computed
from the Dirichlet boundary values. The source terms have
the form

Q =
(g +
W +

(12)

where the parameters <j> and ^ are yet to be specified. Based
on introducing these terms, Eqs. (lla) and (lib) assume the
form

= 0

= o
(13)

It is clearly shown that Eq. (13) possesses expotential so-
lutions if the parameter $ and t/f are locally constant. If a set
of boundary values (jc,y) on the boundary of the computa-
tional domain is given, one can determine the parameters by
requiring that the given boundary values satisfy appropriate
limiting forms of Eq. (13) along the boundary of the com-
putational domain.

The transformed equations [Eqs. (lOa) and (10b)] were
solved with the Successive Over Relaxation (SOR) method.
Once a grid is generated, the values of the coefficients a, /3,
y, and /, etc. are evaluated and stored for use in the solution
of the governing equations.

The governing equations [Eqs. (1-3)] in terms of the trans-
formed coordinates are

T, + j

RePr J2- (aTf(

(14)

1
/

Re I /2

^

where

(15)

(16)

a = y = x} + y\

,77) ,

In terms of the transformed coordinates, the initial con-
ditions become at t < 0

= 0, 7 = 0 (17)

T = i,

on the boundary T3*, F*, F6*, and F7* at r > 0

(18)

= 0, = 0

(19)

on the boundary F* , at f >: 0

r, - o, ^ = o, = o (20)

The transformed governing equations, initial conditions,
and boundary conditions were discretized by using the cubic
spline collocation formulation. The SADI procedure was ap-
plied to perform the numerical computation. All computa-
tions reported here were performed with a mesh consisting
of 51 x 33 grid lines as shown in Fig. 2 and a time increment
Af = Q(l/2Re). Significantly finer grids could riot be used
because of computer storage and time limitation.

The convergence criterion for stream function, vorticity,
and temperature is

< 10-

•M < 10-3

maxj.7?/1 - 7?J
max < io-4

(21)

(22)

(23)

where s and fc are the number of iterations. After convergence
of the numerical solution has been achieved, the following
physical parameters were calculated.

Physical Parameters
1) Nusselt number

Nu =

2) Average Nusselt number

2Rh

= — Nu d0
2 77 Jo

3) Drag coefficient

C27T O f277

Cn = — \ p cos 0 d0 - —-Jo Re Jo

4) Lift coefficient

CD sn

(24)

(25)

(26)

f2"
CL = ~ I

5) Torque coefficient
_ ̂  p,

CT ~ Re Jo

_2_ f2

ReLp sin 0 d0 + — L « cos 0 d0 (27)
/xo <

• d0 (28)
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where / = vortex shedding frequency and T = period of
oscillation.

Results and Discussion
The problem of transient laminar forced convection from

an isothermal circular cylinder is studied at Re = 100, 200,
and 500 with Pr = 0.70. The present results for drag and lift
coefficients and Strouhal number are compared with the pre-
vious results in Table 1. The comparisons are found to be
satisfactory.

The time-dependent variation of velocity flow in the wake
of a cylinder at Re - 500 is shown in Fig. 3. It is clear that
unsymmetric vortex shedding happens early when the Rey-
nolds number is increased.

Isotherm patterns are plotted in Fig. 4. By observing the
isotherm pattern, an unsymmetrical flow in the wake gives
rise to an unsymmetrical pattern. A significant distortion in
the symmetry of the isotherms around the cylinder is observed
as the process of the shedding of vortices takes place. It dem-
onstrates that a significant change in the pattern of isotherms
takes place in the region of the wake only.

The angular distribution of local Nusselt numbers for Re
= 500 is shown in Fig. 5. The maximum and minimum values
of the local Nusselt numbers along the surface of cylinder
occur at the front stagnation point and the separation point.

The time-dependent average Nusselt numbers for Re =
100, 200, and 500 are shown in Fig. 6. It demonstrates that
the greater Re is, the greater Nu. The average Nusselt num-
bers obtained in the present work are in good agreement with
those obtained by the previous investigations as shown in
Table 2.

Table 1 Comparisons of drag and lift coefficients CD, CL, and
Strouhal number S

Re
100

200

500

CD

1.28
1.29
1.43
1.27
1.30
1.37
1.282
1.17
1.27
1.17
1.46
1.28
1.17
1.25
1.25
1.21

CL

±0.54
±0.50
±0.50
±0.6
±0.4

±0.5
——
±0.7

±0.7
±0.6

±0.67
±0.9
±0.88

S
0.16
0.133
0.166
0.161
0.16
0.18
0.166
0.18
0.154
0.15
0.194
0.182
0.20
0.185
0.20
0.21

Reference
Jordan & Fromm4

Patel6

Smith & Brebbia8

Gresho et al.2
Hwang et al.3
Karniadakis14

Present work
Lin et al.5
Patel6

Thoman & Szewczyk1

Lecointe & Piquet7

Hwang et al.3
Karniadakis14

Present work
Hwang et al.3
Present work

Table 2 Comparisons of average Nusselt number

Reference
McAdam10

Kramers11

Van der Hegge
Zijnen12

Tsubouchi &
Masuda13

Jain & Goel9
Karniadakis14

Present work

Nu
(Re = 100)
5.23
5.49
5.45

5.16

5.52
5.91
5.30

Nu
(Re = 200)
7.2182
7.6025
7.6211

7.1482

7.63 '
8.38
7.74

Nu
(Re = 500)
11.163
11.794
12.0303

11.0931

__
——
12.48

RErBOO. PR-0.7 T=74 VELOCITY

RErBOO. PRzO.7 T-78 VELOCITY
Fig. 3 The time-dependent variation of velocity field in the wake of
a cylinder at Re = 500.

RErBOO- PR-0.7 1-7Q ISOTHERMS

RE=500. PR=0.7 T=74 ISOTHERMS

RE=500. PR-0.7 T=78 ISOTHERMS
Fig. 4 The time-dependent isotherms at Re = 500.
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Fig. 5 Angular distribution of the local Nusselt number at Re = 500.
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RE = 500.

RE = 200.

RE = 1QQ.

0.00 20-00 40.00 60-00 80.00 IDO-OO
T I M E

Fig. 6 The time-dependent average Nusselt numbers for Re = 100,
200, and 500.

Conclusion
A numerical solution has been obtained for the problem of

transient laminar forced convection from a circular cylinder.
The governing equations expressed in the body-fitted coor-
dinates were solved numerically by the SADI method. The
SADI method was applied to increase the accuracy, simplify
the treatment of the boundary conditions, and save CPU time.
The comparisons between the present results and previous
investigation are found to be satisfactory.
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Electron Temperature and Electron
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Introduction

A IR jets at low pressure and high temperature are used
to simulate some properties of the gas layer surrounding

a spacecraft while re-entering the atmospheric zone. Various
experimental setups have been developed in order to realize
these jets. Hypersonic simulations at low pressure are ob-
tained in wind tunnels1 working continuously or transient wind
tunnels, to measure force, flow, surface temperature, and
turbulence. During a re-entry, real gas effects appear between
the shock wave and the surface. It concerns especially chem-
ical, ionization, and vibrational nonequilibrium effects. Some
of these effects can be studied in air by shock tubes2"4 or by
microwave discharge techniques5-6 and by arc jets.7~10 Arc
jets can be used to obtain a stationary and large plasma jet
arc, but the main difficulty in producing arc jets in a wind

. tunnel lies in the destruction of electrodes due to the presence
of oxygen. A solution may be obtained by injecting oxygen
into the nozzle, after the arc.8'10 This paper presents a gen-
erator that produces steady plasma arc jets directly from air
for about 1 h at a pressure of 0.08 Torr. Radial profiles of
temperatures and densities measured by an electrostatic probe
are shown. Electrostatic probe method gives electron density
and electron temperature with a good spatial resolution and
a characteristic time function of the frequency of the probe
potential. Difficulties may appear in the analysis of the probe
characteristic, total current collected by the surface probe as
a function of probe potential (fluctuations, theory). Electro-
static probes have been used in different types of air plasmas.
Single-electrode Langmuir probe measurements have been
performed in air at a static pressure of 30 Torr to study the
electron attachment by the addition of small quantities of an
electrophilic gas.8 Spherical double probes6 have been used
in air plasma generated by microwaves (900 MHz) in the
pressure range 1-10 Torr. The ion density has been measured
in air shock tube at initial pressure of 0.075-1.2 Torr by a
hollow electrostatic probe at a large negative potential.5 A
thin-wire Langmuir probe2 has been used in shock tunnel
flows to determine the electron density and the electron tem-
perature to deduce the reaction rate coefficient for the re-
action NO+ + e. A set of tungsten electrostatic probes has
been tested3 in a hypersonic shock tunnel flow to perform
analyses in air. The effects of the probe length, diameter,
ratio of probe radius to Debye length, angle of attack, and
length-to-diameter ratio are studied. In an arc-heated shock
tube at initial pressures 0.1 and 1 Torr, the ion saturation
currents have been measured in air with flush electrostatic
probes.
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