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Abstract

A thorough numerical investigation of the two-dimensional heat transfer and laminar ¯ow around a single circular cylinder was

performed. The main interest of this study was the ¯ow con®guration of a heated cylinder in the vicinity of a wall under conditions

that resemble the ¯ow past a hot-wire anemometry (HWA) probe. A ®nite volume Navier±Stokes solver enhanced by local block

re®nement and multigrid acceleration guaranteed highly accurate and e�cient computational results. As a reference for the in¯uence

of the Reynolds and Prandtl numbers on the drag coe�cient CD and Nusselt number Nu, the limiting case of a cylinder in free

stream with a very small temperature loading �T � 1:003� was analyzed ®rst. Calculations were performed in the Re range 10ÿ4 to

102. All the results agreed well with available analytical/numerical and experimental results. By comparison with the reference

results, the in¯uence of the temperature dependence of the ¯uid properties on CD and Nu was determined. After these extensive

veri®cation predictions a study on the in¯uence of the wall proximity in near-wall HWA measurements was tackled based on two

limiting cases, a highly conducting and an insulating wall. The investigation allowed an estimate of the velocity correction needed by

HWA data. The results for a highly conducting wall agreed well with available experimental results. A new form of bounded velocity

correction was proposed for this case. The results for the case of an insulating wall were unexpected and contradictory to previous

experimental observations. A detailed analysis of the numerical solution revealed new aspects of this complex ¯ow situation. Ex-

isting experimental results with ``nonconducting'' wall materials were shown to re¯ect a combination of the extreme situations

computed numerically. Ó 1999 Elsevier Science Inc. All rights reserved.

1. Introduction

Hot-wire anemometry (HWA) is a well developed mea-
suring technique widely used in experimental ¯uid mechanics
to obtain local, time-resolved information on ¯uid velocity
®elds. It is an indirect measuring technique, i.e. it requires
calibration in a known ¯ow ®eld before it can be applied to
¯uid ¯ow velocity measurements in laminar and turbulent
¯ows. The heat transfer rate from the wire, used in the mea-
surements, depends on various geometrical and design factors,
such as dimensions of the probe, connection of the wire to the
supporting prongs and inclination of the probe to the ¯ow
velocity (see Fig. 1).
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Notation

CD drag coe�cient
D cylinder diameter
Ec Eckert number
f vortex shedding frequency
g gravitational acceleration
Gr Grashof number
k thermal conductivity
Nu Nusselt number
P pressure
Pr Prandtl number
_q speci®c heat ¯ux
Re Reynolds number
St Strouhal number
T temperature
Ui Cartesian velocity components
UT friction velocity
xi Cartesian coordinates
b coe�cient of volumetric thermal expansion
C Euler constant
l dynamic viscosity
m kinematic viscosity

q ¯uid density
T temperature loading
Tw wall shear stress
U viscous dissipation function

Indices
1 free stream region
f at arithmetic mean (®lm) temperature
meas measured value
w at the cylinder wall
� nondimensional quantity
+ in wall coordinates
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However, if care is taken in the design and measurement
procedure to reduce the in¯uence of these factors, e.g. using
large length to diameter ratios and assuring orthogonality
between wire and velocity directions, the relationship between
velocity and heat transfer rate reduces in practice to a problem
of two-dimensional ¯ow around a heated cylinder. Fig. 1
shows schematically the geometry and temperature distribu-
tion on the wire element of a probe. Hot-wire probes are
usually optimized to reduce the in¯uence of the prongs on the
temperature distribution along the wire, thus maximizing the
region where two-dimensional e�ects prevail. The reduced
two-dimensional problem is still complex. The heat transfer
rate is in¯uenced not only by the ¯ow velocity, as one might
wish for an ideal probe, but also by ¯uid properties, such as
density, viscosity, Prandtl number etc., and by boundary
conditions, such as the temperature di�erence between wire
and ¯uid.

Wires of typical HWA probes have a diameter of 5lm and
temperatures of 150±300°C. The aspect ratio (length-to-di-
ameter ratio) is usually P 200. Wire diameters can range from
0.6 to 60 lm, depending on the ¯uid and the ¯ow to be mea-
sured. Smaller wires (0.6 lm) are used for boundary layer
measurements in air and are sometimes heated only 50°C
above the air temperature. Considering the described condi-
tions and typical wind tunnel velocities of 5±30 m/s, the Rey-
nolds number of the ¯ow around a cylindrical wire element of
an HWA probe ranges between about 0.1 and 100.

The correlation between the ¯ow velocity and the heat
transfer rate has been approached mainly empirically and the
form of the calibration equations was derived from a large
number of experiments (see, e.g., Bruun, 1995). However,
many details about the heat transfer process from the wire and
the in¯uence of various factors, such as the variation of the
¯uid properties with temperature or the e�ect of viscous
heating, demand a more accurate analysis. Another factor that
may in¯uence heavily the heat transfer from the wire is the
proximity of an obstacle or a wall. Although this has been the
subject of previous investigations (Bhatia et al., 1982) there
still remain some open questions. In the present work, a de-
tailed investigation of the laminar ¯ow around a heated cyl-
inder in free stream and in the vicinity of a wall was aimed at
answering some of these questions.

For the computation of the ¯ow around a circular cylinder,
a very e�cient ¯ow simulation code was employed. The code
based on the work of PericÂ (1985) consists of a ®nite volume
Navier±Stokes solver for block-structured colocated grid ar-
rangements (PericÂ, 1990; Barcus et al., 1988; Durst et al., 1993;
SchaÈfer et al., 1993). It also incorporates a multigrid scheme
for convergence acceleration and is fully parallelized by do-
main decomposition and a message passing strategy. The use
of structured grids is of key importance for the high e�ciency
of the code, because of the pre-established neighboring rela-
tions of the control volumes that allow for the implementation

of highly optimized algorithms. At the same time, the grid
structure also represented a drawback for the intended inves-
tigation. The exigency to continue each grid line up to the
boundary caused the extension of a ®ne grid resolution over
the whole domain, even when only part of the domain needed
to be re®ned. This condition resulted in an excess of control
volumes and consequently of memory and computing time
requirements. A local grid re®nement scheme was developed
and implemented in order to overcome this disadvantage.

In the case of ¯ow around an immersed body, such as the
cylinder in the present investigation, the main region of interest
for the computation is usually the vicinity of the body and the
wake region behind it. In spite of this, in previous studies
(Lange, 1997; Lange et al., 1998) it was shown that the com-
putational domain has to be extended to a certain, in some
cases extremely large, distance from the body. This domain
extension is needed so that the boundary conditions at the
outer border do not disturb the ¯ow solution in the just de-
scribed region of interest. However, to obtain a solution with a
similar level of accuracy over the whole domain it is not nec-
essary to discretize the domain homogeneously. In the vicinity
of the body the occurrence of high velocity gradients requires
very ®ne grids. In the wake region moderately ®ne grids are
needed, whereas at larger distances of the body coarser grids
may be employed. Hence the ¯ow around a cylinder is a typical
problem where local re®nement of the grid is needed to yield
more accurate ¯ow predictions with the available computa-
tional resources.

Taking a specially developed computer code, ¯ow and heat
transfer predictions were carried out to obtain the heat losses
from hot-wires located close to a wall. Results are presented in
this paper for various wire positions with respect to highly
conducting and insulating wall materials. The numerical re-
sults are compared with results from measurements and other
numerical and analytical studies.

2. Literature survey on hot-wire heat transfer

2.1. Heat transfer in free ¯ows

The laminar, two-dimensional ¯ow around a circular cyl-
inder located in a spatially and time constant velocity ®eld has
been of continuous interest to researchers involved in basic
¯uid mechanics. Almost every standard textbook on ¯uid dy-
namics describes the di�erent ¯ow structures and the resultant
change of the drag coe�cient as a function of the Reynolds
number (see, e.g., Schlichting and Gersten, 1997). However,
most experimental studies have investigated the CD±Re cor-
relation at high Reynolds numbers �Re > 1000�. There are
comparatively few reliable experimental investigations avail-
able on the drag of the cylinders for moderate to very low
Reynolds numbers (Re6 200). The classical studies covering

Fig. 1. HWA probe with schematic temperature distribution.
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this range of Re numbers (see, e.g., Wieselsberger, 1921; Finn,
1953; Tritton, 1959; Jayaweera and Mason, 1965; Nishioka
and Sato, 1974) show a relatively large scatter of the results. In
these older investigations the discrepancies increase with de-
creasing Re number, owing to experimental limitations intro-
duced by the accuracy of the force measurements at low values
of Re. Only recently have more reliable experimental results
become available. Unfortunately, the relatively recent and
more accurate results of Huner and Hussey (1977) are re-
stricted, owing to experimental limitations, to low values of Re
ranging from 0.2 to 2.6. These experimental limitations stress
the importance of the numerical approach in the thorough
investigation of the ¯ow around a circular cylinder over the
wide range of Re covered in this study (10ÿ4 to 102).

A somewhat di�erent situation exists for the experimental
investigation of the heat transfer from a cylinder at low and
moderate Reynolds numbers. Mainly motivated by the ne-
cessity to correlate the heat loss from the wire probe with the
¯ow velocity in HWA, numerous studies have been carried out
on this topic. The early work of King (1914) provided results in
terms of the heat transfer coe�cient. It was published one year
before Nusselt (1915) suggested the use of a nondimensional
number, that is nowadays known by his name, to present heat
transfer data. Subsequent investigators focused on the corre-
lation of the Nusselt number with the Reynolds number (e.g.
Hilpert, 1933; McAdams, 1954; Collis and Williams, 1959;
Merker, 1987). As in the case of CD, the Nu±Re plots of the
experimental investigations show a large scatter in the data.
This is in part caused by the inappropriate treatment of the
variation of ¯uid properties with temperature. In the range of
very low Reynolds numbers (Re < 0.1), the scatter in the re-
sults is also due to natural convection e�ects. The in¯uence of
buoyancy and also slip e�ects due to the small size of the wires
can hardly be circumvented in experiments. Again, there is an
advantage in the analytical and numerical approaches, because
of the possibility of isolating the various e�ects and investi-
gating them separately.

Recently, the von K�arm�an vortex street, generated in the
wake of the cylinder at moderate Reynolds numbers (Re J
46), has attracted increasing interest. Whereas in the past
mainly two-dimensional ¯ow visualizations were reported in
the literature, recent ¯ow visualization experiments provided a
better understanding of the three-dimensional e�ects in the
wake caused by the cylinder ends. This gave rise to various
experimental investigations of this ¯ow regime. Williamson
(1996) summarized recent advances on this subject. His review
made it clear that there is also a need for more detailed in-
formation on the pure two-dimensional vortex shedding mode
of cylinder ¯ows, which is di�cult to isolate in experiments but
can be reliably investigated by numerical simulation.

Analytical investigations of the laminar, two-dimensional
¯ow around a circular cylinder at low Reynolds numbers go
back to the early work published by Stokes (1851). He linearized
the equations for the ¯ow at very low Reynolds numbers about
the vicinity of the cylinder. Stokes found that the resulting
boundary value problem has no solution. This is known as the
Stokes paradox. Many years later, Oseen (1910) explained that
this paradox resulted from the neglect of the nonlinear inertia
terms, which become dominant far from the cylinder. He sug-
gested that the problem could be avoided by linearizing the ¯ow
equations at in®nity and thereby partially taking the inertia
terms into account. Soon thereafter, Lamb (1911) found a so-
lution of Oseen's equations for a circular cylinder which em-
ployed an approximate boundary condition at the surface. It
provided a ®rst approximation of the ¯ow around the cylinder
and an analytical expression for the drag. Later, Tomotika and
Aoi (1951) derived an expansion equation for the drag, based on
their extended solution of Oseen's equations.

Proudman and Pearson (1957) and Kaplun (1957) showed
that the problem could be solved to any order of the terms by
matching two asymptotic expansions which are valid near to
and far from the cylinder, the ``Stokes'' and the ``Oseen'' ex-
pansions, respectively. Further extensions of the method of
matched asymptotic expansions and better results in the region
of Re � 1 were presented by Tamada et al. (1983) and Keller
and Ward (1996).

The heat transfer from circular cylinders has also been the
subject of analytical investigations, but these studies have not
been as intensive as those regarding the drag. The pioneering
work of Cole and Roshko (1954) on the heat transfer from
cylinders in cross¯ow was based on Oseen's approximation for
the ¯ow ®eld, which was applied to the thermal energy equa-
tion for small temperature di�erences (constant ¯uid proper-
ties). They found the ®rst term of an expansion series in
�ln�Re Pr��ÿ1

for the Nusselt number. Wood (1968) extended
the work of Cole and Roshko (1954), determining two addi-
tional terms in the Oseen expansion of the velocity and tem-
perature ®elds. Hieber and Gebhart (1968) obtained a similar
solution matching two asymptotic expansions of the temper-
ature and employing the ¯ow solution of Kaplun (1957) and
Proudman and Pearson (1957). Kassoy (1967) also employed
the method of matched asymptotic expansions, but on a more
complex formulation, including compressibility e�ects and
variable ¯uid properties. He investigated successfully the e�ect
of the temperature dependence of the ¯uid properties on the
drag coe�cient and on the Nusselt number for low values of
Re. His analytical solution was experimentally veri®ed by Ai-
hara et al. (1967).

All the theoretical e�orts cited above already faced extreme
di�culties in treating ¯ows past a cylinder for ReJ2. Hence
there are at present insu�cient analytical results available to
add reliable information to the experimental ®ndings on the
laminar, two-dimensional ¯ow around circular cylinders at
ReJ2. The situation described readily suggests that numerical
investigations are the only means of investigating successfully
the ¯ow past circular cylinders over a wide range of Reynolds
numbers, where either the experimental or the analytical
methods fail to provide accurate information on the ¯ow ®eld
and on integral ¯ow properties. This is particularly the case
when ¯ows around heated cylinders with larger temperature
di�erences are considered and variable ¯uid properties need to
be taken into account. These observations triggered the work
reported in this paper.

The early numerical studies of the ¯ow around circular
cylinders used in general a stream function±vorticity formu-
lation of the equations. Thom (1933) presented the ®rst pub-
lished calculation on the ¯ow past a cylinder at Reynolds
numbers of 10 and 20. Later, Kawaguti (1953) integrated the
stream function and the vorticity equations for a Reynolds
number of 40. These pioneering papers reported computations
carried out manually. The latter took, for example, 18 months
to perform 10 iterations. In the next decade, the ®rst unsteady
calculations of the impulsively started symmetric ¯ow around
a circular cylinder (Kawaguti and Jain, 1966; Ingham, 1968)
and the ®rst investigations of the e�ect of the domain size
(Keller and Takami, 1966) appeared, together with the use of
computers for the calculations. However, the unsteady com-
putations at that time were restricted to time marching of the
solution starting from the ¯uid at rest up to the steady-state
solution.

Perhaps the ®rst unsteady computation of the cylinder
wake was the work of Hirota and Miyakoda (1965), which
demonstrated successfully the development of the von K�arm�an
vortex street at Re� 100. Later, Thoman and Szewczyk (1969)
computed transient solutions for a wide range of Re from 1 to
105. In addition to the drag, usually the pressure distribution,
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streamlines and vorticity contours were presented for some
Reynolds numbers. The number of papers on the numerical
computation of the ¯ow past a cylinder grew rapidly with time.
The main reason was the attraction of this physical problem,
with rather simple geometry, but complicated ¯ow structure.
Many newly developed numerical techniques and their varia-
tions were tested using the cylinder ¯ow. With few exceptions,
such that by Sucker and Brauer (1975), most of the investi-
gations did not really study the physical aspects of the ¯ow,
but were merely interested in the validation and demonstration
of the abilities of the computer codes employed. With recently
increasing interest in the onset of the von K�arm�an vortex street
and its instabilities, many numerical investigations have been
carried out on this subject (e.g. Karniadakis and Triantafyllou,
1992; Noack and Eckelmann, 1994; DusÏek et al., 1994; Hen-
derson and Barkley, 1996; Barkley and Henderson, 1996;
Dauchy et al., 1997). On the other hand, only a few numerical
investigations dealing with very small Reynolds numbers (Re
< 0.1) are available.

Compared with the isothermal ¯ow past a cylinder, there
are remarkably few publications on the numerical solution of
the heat transfer from a cylinder in cross¯ow. The available
publications describe the study of pure forced convection, (e.g.
Dennis et al., 1968; Sucker and Brauer, 1976), the in¯uence of
buoyancy (e.g. Ho et al., 1990; SundeÂn, 1983; Hatanaka and
Kawahara, 1995), or the in¯uence of viscous heating on forced
convection (e.g. SundeÂn, 1992).

2.2. Heat transfer close to a wall

Usually, HWA probes are calibrated in a free stream with
controlled velocity and the coe�cients of a correlation equa-
tion are adjusted for the particular probe. By means of this
correlation, the measured values for the heat ¯ux from the wire
are converted into precise velocity data. This procedure pre-
supposes that the ¯ow and heat transfer conditions remain
similar to the conditions at calibration. This similarity can no
longer be assumed in the vicinity of a wall, requiring correction
of the measured data.

The need for correction in HWA measurements near walls
has been known since the early applications of the technique.
In a good review of the literature on this subject, Bhatia et al.
(1982) cited two studies that, in the ®rst half of this century,
proposed corrections for near-wall HWA measurements. In a
later study, which was one of the ®rst to deal with the cor-
rections for constant-temperature HWA probes, Wills (1962)
obtained corrections based on the known velocity distribution
in a well-de®ned laminar channel ¯ow. He expected these
corrections to be applicable to turbulent boundary layer ¯ows,
provided that they had the same friction velocity UT as in the
laminar channel ¯ow used for calibration. The friction velocity
is de®ned as

UT �
��������
Tw

q

s
; �1�

where Tw is the molecular momentum transport term at the
wall, also known as wall shear stress. The friction velocity is
traditionally employed to normalize the velocity and the dis-
tance from the wall in turbulent ¯ows. The resulting nondi-
mensional quantities are, respectively,

U� � U
UT

; Y � � yUT

m
; �2�

where U is the velocity component parallel to the wall, y the
perpendicular distance from the wall and m the kinematic vis-
cosity of the ¯uid. In case of a linear variation of U with y, as

in the near-wall part of the laminar boundary layer 2, the
following relationship applies

U� � Y �: �3�
This linear velocity distribution also occurs in the laminar
sublayer of a turbulent boundary layer. Based on this, Wills
(1962) found his laminar corrections to be too large for ap-
plication to turbulent ¯ow measurements. He concluded that
only half of the laminar correction should be applied, in order
to obtain the expected linear velocity distribution in the sub-
layer. However, no physical explanation could be given for this
partial correction.

Later, Oka and KosticÂ (1972) and Hebbar (1980) obtained
corrections by measuring directly turbulent ¯ows in a channel
and over a ¯at plate, respectively. They concluded that their
corrections were universal, i.e. were applicable to ¯ows with
di�erent values of UT. Hence they expressed their corrections
in terms of DU� and Y �, the former being de®ned as

DU� � Umeas ÿ U
UT

; �4�
where Umeas is the measured apparent velocity.

More recently, Krishnamoorthy et al. (1985) performed a
more complete experimental investigation, considering also the
in¯uence of the wire diameter and of the temperature loading
on the velocity corrections. They concluded that the correction
at a given Y � increases with increasing cylinder diameter and
temperature loading, hence contesting the universality of cor-
rections based exclusively on the nondimensional wall distance
Y �. Unfortunately, the scatter of their data did not allow a
quantitative rule for these additional in¯uences to be estab-
lished.

In all experimental investigations, the data were very scat-
tered at the closest distances from the wall (Y �[1.5), owing to
uncertainties in the determination of the wire position. On the
other hand, for Y �J 2.5, again a large scatter was obtained,
because of the small values of DU�.

One of the few numerical investigations on this subject is
the work of Bhatia et al. (1982). In their study, a very sim-
pli®ed model was considered. The ¯ow ®eld was prescribed in
the entire domain as a Couette ¯ow, i.e. oU=oy � constant,
without any in¯uence of the wire. Consequently, only the en-
ergy balance equation needed to be solved. The wire was
simply treated as a line source and constant ¯uid properties
were used. Their model was based on the assumption that no
¯ow ®eld interference between the wire and the wall would
take place for wire positions of Y �J 2. The in¯uence of the
wall was assumed to be caused solely by the distortion of the
temperature wake of the wire. Two di�erent cases were con-
sidered: one of an insulating wall and the other of a highly
conducting wall, which was held at ambient temperature.

Bhatia et al. (1982) concluded from their computations that
no correction is needed in the case of an insulating wall. Their
corrections for the case of a highly conducting wall are larger
than the experimentally obtained values for Y �J 2.5, but are
among the corrections obtained by Krishnamoorthy et al.
(1985) for lower values of Y �.

In his recent book on HWA, Bruun (1995) concludes that no
universal correction procedure has been established so far,
because of the various parameters that in¯uence this correction.

2 Based on the analytical solution of Blasius for the boundary layer

equations and on the ¯at plate measurements of Nikuradse, about one-

third of the laminar boundary layer thickness can be considered to

have a linear distribution of the velocity with y (see, e.g., Schlichting

and Gersten, 1997).
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Hence, as the above literature survey shows, the e�ect of
wall proximity in hot-wire anemometric measurements has
been widely investigated. Most of these were experimental in-
vestigations and suggested corrections for the velocity readings
in the vicinity of a wall (e.g. Wills, 1962; Oka and KosticÂ, 1972;
Hebbar, 1980). Krishnamoorthy et al. (1985) considered ad-
ditional e�ects, such as the wire diameter and the overheat
ratio, in the case of proximity to heat-conducting walls. The
distinctive e�ect of heat-conducting and adiabatic walls was
analyzed numerically by Bhatia et al. (1982), who also pre-
sented a comprehensive literature survey. They concluded that
the wall material has the main in¯uence on the measurement
distortions, whereas the velocity correction is negligible for low
heat-conducting (adiabatic) walls. However, this conclusion
contradicts some experimental results cited by Bruun (1995). A
more extensive numerical investigation of the problem is re-
quired in order to clarify this discrepancy.

3. Summary of numerical basis

3.1. Governing equations

In the present study, the investigations are restricted to
cases where continuum mechanics and incompressibility can be
assumed. The governing nondimensional equations for an in-
compressible two-dimensional ¯ow expressing the conserva-
tion of mass, momentum and energy are as follows:

o
ox�i
�qU �i � � 0; �5�

St
o�U �j �
ot�

� U �i
o�U �j �
ox�i

� ÿ oP �

ox�j
� 1

Re

o
ox�i

l�
oU �j
ox�i

� �
� Gr

Re2
T �;

�6�

St
oT �

ot�
� U �i

oT �

ox�i
� 1

Re Pr

o
ox�i

k�
oT �

ox�i

� �
� Ec

Re
U�; �7�

where �i; j � 1; 2�, U �i are the Cartesian velocity components
normalized to the free stream velocity U1 and x�i are the
Cartesian coordinates normalized to the cylinder diameter D; t�

is the time normalized to the vortex shedding frequency f ; P �,
the pressure normalized to q1U 2

1; l
� and k� are the dynamic

viscosity and the thermal conductivity, respectively, normal-
ized to the corresponding value at the free stream temperature,
T � is the temperature normalized to the temperature di�erence
between the cylinder surface and the undisturbed ¯ow
�Tw ÿ T1� and U� is the normalized viscous dissipation func-
tion, given by

U� � oU �i
ox�j
� oU �j

ox�i

 !
oU �i
ox�j

: �8�

The nondimensional parameters relevant to the considered
¯ow problem are as follows:

where g is the gravitational acceleration, b the coe�cient of
volumetric thermal expansion, q1 the density and cP1 the
speci®c heat at constant pressure, the last two evaluated at the
free stream temperature T1.

In the case of small temperature di�erences between the
cylinder and the undisturbed ¯ow, the ¯uid properties may be
treated as constant. Consequently, the nondimensional prop-
erties l� and k� are set to unity for this case. Owing to the
dimensions and temperatures involved in the present investi-
gation, natural convection and viscous dissipation e�ects are
small. Therefore, the last terms in Eqs. (6) and (7) were ne-
glected. A detailed justi®cation for neglecting these physical
e�ects and for the assumptions of continuum and incom-
pressibility can be found elsewhere (Lange, 1997; Lange et al.,
1998).

3.2. Discretization and solution procedure

For the spatial discretization of Eqs. (5)±(7), a ®nite volume
method with a colocated arrangement of the variables was
employed, as described by DemirdzÏicÂ and PericÂ (1990).
Eqs. (6) and (7) were integrated over each control volume
(CV), leading to a balance equation for the ¯uxes through the
CV faces and the volumetric sources. Note that in Eqs. (6) and
(7) the ¯uid properties were not treated as being constant.
They were calculated as functions of temperature and were
updated in each new iteration. The convection and di�usion
contributions to the ¯uxes were evaluated using a central dif-
ferencing scheme, which for the convective part was imple-
mented using the deferred correction approach proposed by
Khosla and Rubin (1974).

For the pressure calculation, a pressure correction equation
was used instead of Eq. (5) and was solved iteratively with
Eq. (6) following the well-known SIMPLE algorithm. Con-
vergence was achieved when the maximum sum of the nor-
malized absolute residuals in all equations was reduced to
< 10ÿ6. Details of the discretization and the pressure±velocity
coupling can be found elsewhere (DemirdzÏicÂ and PericÂ, 1990).

For the time discretization, a slightly modi®ed form of the
Crank±Nicolson scheme was applied ensuring a high temporal
accuracy (see Lange, 1997). A few steps of the ®rst-order fully
implicit Euler scheme were used at the beginning of a new
transient computation to prevent the occurrence of small
spurious velocity oscillations in the vicinity of the cylinder. In
the case of steady-state solutions �Re6 45�, the stationary
forms of Eqs. (6) and (7) were solved instead.

The solver for the linearized systems of equations was based
on an incomplete LU decomposition. A nonlinear multigrid
scheme was employed for convergence acceleration (see, e.g.,
Durst et al., 1993; SchaÈfer et al., 1993). For parallel compu-
tations a block structured grid partitioning and a message-
passing strategy were used, as described by Durst and SchaÈfer
(1996).

In order to improve the accuracy of the numerical results
without a decrease in e�ciency and to optimize the utilization
of the available computational resources, local grid re®nement
was employed. For the local re®nement procedure, the com-
putational domain was divided into blocks and each block was
discretized with a di�erent mesh density. After re®nement,
each block remained fully structured, hence retaining the very
e�cient implementation of the code. The combination of high
e�ciency with high accuracy provided by the local block re-
®nement was essential to the realization of this comprehensive
investigation. For more details about the re®nement proce-
dure, see the thesis of Lange (1997).

3.3. Veri®cation predictions: cylinder in free stream

In order to verify the employed numerical code, predictions
were performed for the ¯ow and heat transfer for a two-di-
mensional cylinder under free stream conditions in the Re
range 10ÿ4 to 102 (Lange et al., 1998). In this Re range the

Strouhal number St � fD
U1

Prandtl number Pr � l1cP1
k1

Grashof number Gr � D3gbq21�TwÿT1�
l21

Reynolds number Re � q1U1D
l1

Eckert number Ec � U21
cP1�TwÿT1�
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laminar ¯ow around a circular cylinder has three regimes:
steady ¯ow without separation �Re K 5), steady ¯ow with two
symmetric vortices behind the cylinder (5 K Re K 46) and
unsteady ¯ow with vortex shedding �Re J 46).

Two di�erent types of computational domains and of grids
were employed: one for lower and the other for larger values of
Re. For all simulations at very low Reynolds numbers
�Re < 1�, the computational domain had to be extremely large
and adjusted to the actual value of Re, as has been shown
earlier (Lange, 1997; Lange et al., 1998). A domain size up to
106 times larger than the cylinder diameter was employed for
the smallest value of Re. The region of the ¯ow disturbed by
the cylinder at low values of Re is of similar magnitude at its
front and rear. Hence a circular domain was chosen. For
Reynolds numbers larger than about 5, a pair of standing
vortices appear at the rear of the cylinder, demanding a ®ner
discretization of this region. This was taken into account in the
re®nement process of the grid. The ®nal form of the locally
re®ned grid in the near-cylinder region was chosen after ex-
tensive numerical tests (Lange, 1997; Lange et al., 1998) and
was then employed as the core region of all numerical grids for
stationary computations �Re [ 46). At the ®fth multigrid level
(actual computational grid with about 105 grid points)
the surface of the cylinder was discretized with a total of 448
CVs.

For the transient ¯ow regime at moderate Reynolds num-
bers �ReJ46) the computational domain had to be elongated
downstream in order to capture correctly the von K�arm�an
vortex street. On the other hand, the cylinder disturbs a
smaller region in the front and lateral directions compared
with the other regimes. Therefore, a rectangular domain was
adopted for this range of Reynolds numbers, coupling an
O-type grid around the cylinder with an H-type grid in the
elongated part of the domain. The grid points were concen-
trated around the cylinder and in the wake region. At the ®fth
level of the OH-grid (about 105 grid points), on which the
present results for ReJ 46 were actually computed, a total of
576 CVs were used to discretize the cylinder surface. In all
cases no-slip BC for the velocity and a constant value for the
temperature were prescribed on the cylinder surface. At the
in¯ow boundary all ¯uid variables were prescribed (Dirichlet
boundary condition), whereas at the out¯ow zero gradient
Neumann boundary conditions were applied.

The investigation was restricted to the case of pure forced
convection. The ¯uid considered was air at an in¯ow temper-
ature of 20�C. The ¯uid properties were obtained from the
VDI property chart of Verein Deutscher Ingenieure (1991). In
the case of larger temperature di�erences, all properties were
treated as temperature dependent and interpolated with a
quadratic polynomial function. The cylinder diameter varied
between 0:5 lm for the lower and 500 lm for the higher values
of Re. The cylinder temperature was assumed to be constant
with values between 21�C and 166�C. This corresponds to a
range of temperature loadings �T� from 1.003 to 1.5, where T
is de®ned as

T � Tw

T1
; �9�

where Tw is the constant cylinder or wire temperature and T1
the temperature of the undisturbed ¯ow (in K). The in¯ow
velocity was adjusted in order to give the desired value of Re.

3.3.1. Drag coe�cient predictions
One of the most important characteristic quantities of the

¯ow around a cylinder is the nondimensional drag coe�cient
CD. In the attached and in the steady recirculating ¯ow re-
gimes, i.e. at ReK46, the only force acting on the cylinder is
the drag in the ¯ow direction, de®ned as the sum of viscous

and pressure forces. In the range of small Reynolds numbers,
the drag coe�cient varies strongly with Re.

The regime of attached ¯ow is also the range of validity of
the existing analytical solutions. A comparison of the present
results for the drag coe�cient with analytical solutions over
the entire range of Reynolds numbers computed is shown in
Fig. 2. At the lower end of the range �Re < 10ÿ4�, only the
classical Oseen±Lamb (Oseen, 1910; Lamb, 1911) solution was
plotted, since all analytical solutions coincide. The excellent
agreement of the numerical results with the analytical solutions
is remarkable. At larger values of Re the analytical solutions
tend to deviate from the computed curve. The drag coe�cient
expansion calculated by Tomotika and Aoi (1951) shows a
visible discrepancy of about 4% already at Re � 0:1. The
matched asymptotic expansion by Kaplun (1957) gives a so-
lution valid up to Re � 1. Tamada et al. (1983) improved the
solution of Kaplun (1957) by taking the full Navier±Stokes
equations in the outer region. A better solution at larger Re
was also obtained by Keller and Ward (1996) by computing
the sum of all terms of two signi®cant series in the matched
asymptotic expansion, namely a power series in �ln Re�ÿ1

and
Re times a similar power series in �ln Re�ÿ1

.When separation
starts at the cylinder and a recirculation region develops be-
hind it at Re � 5, the contributions of the pressure and viscous
forces to the drag become out of balance. Then the pressure
force tends to dominate the drag, while the viscous force de-
creases further. The accuracy of the present computations in
this ¯ow regime can only be veri®ed by a comparison with
experimental data, shown in Fig. 3. The classical results of
Wieselsberger (1921) (in tabular form in Prandtl et al., 1923)
and Tritton (1959) show a larger scatter in the data. Nishioka
and Sato (1974) obtained a more consistent set of data by
measuring the momentum thickness of the cylinder wake.
Jayaweera and Mason (1965) used the terminal velocity of
freely falling cylinders in a viscous liquid to estimate CD. Their
data seem to overestimate CD at smaller Re and to underes-
timate CD at larger Re, in part because of lack of correction for
the ®nite cylinder length. Huner and Hussey (1977) used the
same method, but corrected their data to an in®nite ¯ow do-
main and cylinder length. They obtained the most accurate CD

values in the low Re range. The present results show good
agreement with these data.

3.3.2. Nusselt number predictions for constant properties
In many practical problems of heat transfer from cylinders,

such as for hot wire anemometers, a correlation between the
heat transfer rate and the free stream velocity is desired. The

Fig. 2. Drag coe�cient: comparison of numerical solution with ana-

lytical values over the entire range of Re.
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appropriate nondimensional quantity that addresses the heat
transfer by convection is the Nusselt number, Nu. In contrast
to other nondimensional parameters such as the Reynolds and
Prandtl numbers, Nu is a derived quantity, de®ned for prac-
tical reasons in order to reduce all the heat transfer data to a
single correlation. Nusselt (1915) analyzed the heat transfer
from cylinders (diameter D) to air in order to ®nd a similarity
condition between di�erent ¯ow cases. To establish this simi-
larity, he used a normalized form of the speci®c heat ¯ux

Nu � _qw

_qref

�
ÿ kw

o�TÿTw�
or

���
w

k0 �TwÿT1�
D

� kw

k0
o TwÿT

TwÿT1

� �
o r

D

ÿ �
������
w

; �10�

where _qw is the heat transfer rate per unit area from the cyl-
inder wall to the ¯uid, _qref a reference heat ¯ux, kw the thermal
conductivity of the ¯uid at the cylinder temperature and k0 the
thermal conductivity at a reference temperature to be de®ned
later. Usually just the mean value of the Nusselt number is
needed, namely when no local e�ect on the cylinder surface is
of particular interest. In this case, the value of Nu is averaged
over the whole cylinder perimeter. In the following, we con-
sider only the surface averaged value of Nu.

The Nu values are computed ®rst for the case of a very
small temperature di�erence. The cylinder is held at 21�C and
the free stream temperature is 20�C. In this case the in¯uence
of the temperature dependence of the ¯uid properties is neg-
ligible and the problem of the de®nition of k0 disappears. The
Nusselt number depends only on the Reynolds number, since
the Prandtl number and all ¯uid properties remain constant.
The main objective of the investigation of this limiting case is
to obtain a reference curve for Nu. This means that at any
other condition, e.g. at larger temperature di�erences, the Nu
results should coincide with this reference curve, if the nor-
malization is correctly de®ned.

Based on the Oseen±Lamb (Oseen, 1910; Lamb, 1911) so-
lution for the ¯ow, Cole and Roshko (1954) obtained an an-
alytical expression for the Nusselt number:

Nu � 2

ln 8
Re Pr
ÿ C

; �11�

where C � 0:5772 is the Euler constant. Eq. (11) is plotted in
Fig. 4 together with other analytical results for the case of air
�Pr � 0:7148�. Wood (1968) extended Eq. (11) by two terms,
whereas Hieber and Gebhart (1968) obtained a solution based
on the method of matched asymptotic expansions. Nakai and
Okazaki (1975) matched two solutions for the temperature
®eld, one corresponding to pure conduction in the vicinity of

the cylinder and the other to a similarity solution for convec-
tion in the far ®eld. They obtained the following expression:

Nu � 2

2=3� ln�8=3� ÿ ln�Re Pr� : �12�
Fig. 4 shows that these analytical solutions are valid in the best
cases up to Re � 0:2. The experimental data of Collis and
Williams (1959) are also shown for comparison.

Fig. 5 shows a comparison with the most consistent ex-
perimental values of the Nusselt number available for forced
convection in air. These data were corrected to compensate for
the in¯uence of the temperature dependence of the ¯uid
properties and therefore are suitable for comparison with the
present constant property results. The highly consistent data of
Hilpert (1933) were later corrected by Fand and Keswani
(1973), using more accurate ¯uid property values and com-
pensating for the temperature di�erence in the same way as
Collis and Williams (1959). The data of Hatton et al. (1970)
corresponding to their smallest cylinder (D� 0.004 in.) were
discarded, because they are inconsistently larger than other
results.

Figs. 4 and 5 show the excellent agreement of the present
computations with both analytical (in the range of their va-
lidity) and experimental results for the Nusselt number over
the complete range of Reynolds numbers computed.

As already mentioned, there are only a few publications on
the numerical solution of the present problem. Dennis et al.
(1968) discretized the stream function±vorticity equations
using series truncation and ®nite di�erence methods. They
applied the solution of Cole and Roshko (1954) as a boundary
condition (Eq. (11)), which probably caused the overestima-

Fig. 4. Nusselt number: comparison of the present numerical results

with analytical values.

Fig. 3. Drag coe�cient: comparison of the present numerical results

with experimental values.

Fig. 5. Nusselt number: comparison of corrected experimental values

for cylinders in air with present numerical results.
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tion of Nu at Re > 10. Sucker and Brauer (1976) obtained
slightly overestimated results in all their computations, except
at Re � 100 and 120, where the e�ect caused by the stationary
computation compensated the overestimation. Both numerical
results are presented in Fig. 6. Again, the present computa-
tions show excellent agreement with other numerical results.

3.3.3. Nusselt number predictions for temperature-dependent
properties

The above test case was performed under the condition of
constant ¯uid properties. However, in practical applications of
heat transfer from cylinders in cross¯ow, it is usually essential
to consider the in¯uence of the temperature dependence of the
¯uid properties. The large temperature di�erences between the
cylinder surface and free stream, such as in HWA, do not al-
low the assumption of constant ¯uid properties used in the
previous section.

We recall that the main goal of the Nusselt number is to
serve as a similarity condition to identify the independent
parameters governing the convective heat transfer. In the case
of constant ¯uid properties and negligible natural convection
and viscous dissipation e�ects, the Nusselt number depends
only on two parameters, namely the Reynolds and Prandtl
numbers. Therefore, a plot of the Nusselt number versus a
combination of the Reynolds and Prandtl numbers would ®t
the data of all experiments to a single curve, even with di�erent
¯uids, satisfying the constant property condition. Unfortu-
nately, there are almost no reliable experiments on forced
convection from cylinders with very low temperature di�er-
ences.

If the temperature di�erences are not small, the variations
of the ¯uid properties have to be taken into account. As a
consequence, Nusselt (1915) showed that the convective heat
transfer depends on an additional parameter, namely the
temperature loading T, de®ned in Eq. (9). Consequently, for
each value of T, a new Nu curve will be obtained. There have
been several attempts to compensate for the temperature de-
pendence of the ¯uid properties and to circumvent (approxi-
mately) the explicit dependence on the temperature loading
(Nusselt, 1915; Hilpert, 1933; McAdams, 1954; Schmidt and
Wenner, 1941; Douglas and Churchill, 1956; Gersten and
Herwig, 1984; ZÏ ukauskas and ZÏ iugzÏda, 1985; Wehle and
Brandt, 1982; Herwig and Wickern, 1986; Herwig, 1984). A
brief review on this topic is available (Lange, 1997; Lange et al.,
1998).

Collis and Williams (1959) published one of the best ex-
perimental investigations on the e�ect of temperature loading
and proposed the ratio of the ®lm temperature Tf to the free
stream temperature T1 as a coe�cient to correct Nuf , the

Nusselt number based on properties at the ®lm temperature.
They correlated their experimental data by a set of three
equations depending on the Reynolds number range consid-
ered. More recently, the correction factor of Collis and Wil-
liams (1959) was used by Fand and Keswani (1972) to derive a
single equation correlating the data of many authors over a
very large range of Reynolds numbers �Ref � 10ÿ2 to 2� 105�:

A similar equation can be derived to ®t the complete set of
current results. Applying the correction factor of Collis and
Williams (1959) and consistently calculating Re and Nu at the
®lm temperature yields

Nuf

Tf

T1

� �ÿ0:17

� 0:082 Re0:5
f � 0:734 Rev

f ; �13�
where v � 0:05� 0:226Re0:085

f :
Eq. (13) was veri®ed within the limits 10ÿ46Re6 2 � 102

and 1:0036T6 1:5, but it is expected to be valid also for
larger values of T. When the present numerical results were
plotted with the Nu correction of Collis and Williams (1959),
the curves turned out to be virtually indistinguishable over the
whole range of Re numbers computed. Because the corrected
curves excellently agree with the results for constant ¯uid
properties, they were not plotted again. For a comparison with
experiments Fig. 5 should su�ce, since the experimental data
had temperature loadings varying between 1.1 and 2.0 and the
plotted curve represents all the present results well.

4. Hot-wire heat losses close to a wall

4.1. Computational domain and boundary conditions

For the simulation of an HWA probe under near-wall
conditions, a cylinder with usual hot-wire dimensions
�D � 5 lm� was used. To simulate the ¯ow conditions in the
part of a boundary layer nearest the wall, a Couette ¯ow ve-
locity distribution and ambient temperature were prescribed at
the in¯ow boundary. On the upper boundary, corresponding
to the end of this linear part of the boundary layer, the velocity
and ambient temperature were also prescribed. On the bottom
boundary, two types of wall boundary conditions were con-
sidered: a highly conducting wall with prescribed ambient
temperature (Section 4.2) and an insulating wall with Neu-
mann boundary conditions (Section 4.3). The computational
domain with corresponding boundary conditions can be seen
in Fig. 7.

The Reynolds numbers, based on the cylinder diameter,
considered in this investigation were very low, namely in the
range 0.001±0.1. These are typical values for HWA near-wall
measurements. Following the domain size rule for accurate Nu
results, established in the course of the simulation of cylinders
in free stream (Lange, 1997; Lange et al., 1998), the distance
from the cylinder to the domain boundary should be 7500
times the cylinder diameter D for the lowest value of Re
computed. However, a slightly larger error due to the domain
size was admitted in this case and the domain boundary was
placed at least 2000 diameters from the cylinder in each di-
rection, with the obvious exception of the wall.

Wall distances Y0=D between 10 and 300 were considered in
the present study, where Y0 is the distance from the center of
the cylinder to the wall. The locally re®ned grid had a similar
resolution around the cylinder as in the free stream compu-
tations (Section 3.3). As an example, the grid of the third
multigrid level for the case of Y0=D � 100 and a detailed view
of the core region are shown in Fig. 8. The computations were
performed on the ®fth multigrid level with about 105 grid
points.

Fig. 6. Nusselt number: comparison of present with other numerical

results for cylinders in air.
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For each value of Y0=D, several in¯ow velocity gradients
were applied. The friction velocity UT, based on the conditions
at in¯ow, varied between 0.006 and 0.1. The resulting range of
nondimensional wall distances covered by the computations
was 0:26 Y �6 3:4.

The ¯uid considered was air at an in¯ow (ambient) tem-
perature of T1 � 20�C. The cylinder temperature Tw was suc-
cessively set to 21�C, 50�C and 100�C, corresponding to
temperature loadings 3 of T � 1:003; 1:1 and 1.27, respec-
tively. In the ®rst case, the ¯uid properties were assumed to be
constant, whereas at the larger values of T variable ¯uid
properties were employed. In general, the CDS discretization
was used for the computation of the convective terms. How-
ever, for the larger values of UT the UDS discretization had to
be employed to stabilize the computation, because of the large
velocities occurring at the upper boundary.

4.2. Predictions for highly conducting walls

In the case of a wall consisting of a heat-conducting ma-
terial, the temperature gradient in the neighborhood of the
cylinder is strongly increased, owing to the proximity of the
wall. The additional heat transferred to the wall is the domi-
nant cause of deviations in the HWA measurements. This was
recognized by previous investigators, as described by Bruun
(1995). This perception was also the justi®cation for the neglect
of any ¯ow ®eld distortion in the computations of Bhatia et al.
(1982).

An example of the resulting temperature distribution due to
the presence of a highly conducting wall is shown in Fig. 9.
The additional heat loss at the cylinder surface, caused by the
large heat ¯ux transferred through the wall, is re¯ected by an
increase in the mean Nu value at the cylinder.

The excess in the value of Nu, compared with the free
stream ¯ow, decreases with increasing local velocity for a given
cylinder position Y0=D. The local velocity U0, i.e. the in¯ow
velocity at the wire height Y0, is the value to be obtained after
correction of the HWA measurement data. An increase in the
local velocity means also an increase in the velocity gradient at
the wall and, consequently, in UT. For a given local velocity
U0, the deviation of Nu from the free stream value decreases
also with increasing wall distance Y0. These e�ects are dem-
onstrated in Fig. 10 for the case of a temperature loading
T � 1:27, where the local velocity U0 is represented by Re1,
the Reynolds number formed with U0, the cylinder diameter D
and the kinematic viscosity at ambient temperature m1.

In order to obtain a useful correction for HWA data in
near-wall regions, the deviation of Nu has to be transformed
into a velocity di�erence. If the HWA probe is calibrated at

3 The temperature loading T should not be confused with Tw, the

molecular momentum transport term at the wall.

Fig. 9. Block boundaries and contours of temperature in the case of

highly conducting wall (Y0=D � 300;T � 1:27 and Y � � 1:7 at wire

position).

Fig. 7. Computational domain and boundary conditions for computations of ¯ow around a heated cylinder in the vicinity of a wall.

Fig. 8. Computational grid (Y0=D � 100) and zoom of the locally re-

®ned region (both at the third of a total of ®ve multigrid levels).

42 C.F. Lange et al. / Int. J. Heat and Fluid Flow 20 (1999) 34±47



free stream conditions, the apparent velocity in the wall vi-
cinity Umeas is obtained by converting the measured Nusselt
number Numeas into a Reynolds number Remeas using the ref-
erence Nu curve established by calibration. In the present
computations, the apparent velocity Umeas was determined in a
similar way. By means of the computed Nusselt number Numeas

and the reference Nu curves for T � 1:003, 1.1 and 1.27 of
Section 3.3, it was possible to obtain the apparent velocity
Umeas that would be measured by an HWA probe. The actual
local velocity U0 was given by the boundary conditions.

Following almost all previous investigations on the subject,
the resulting velocity di�erences were normalized to the fric-
tion velocity, resulting in values of DU�, de®ned in Eq. (4).
Finally, these values were plotted against the nondimensional
wall distance Y � (de®ned in Eq. (2), using m1) with the aim
of obtaining a single, universal curve for the velocity correc-
tion.

The curves for DU�, resulting from the present computa-
tions are shown in Fig. 11. For comparison, several experi-
mental curves and the numerical results of Bhatia et al. (1982)
are also plotted. The interpolating curves from the experi-
mental results of Oka and KosticÂ (1972) and Hebbar (1980)
were extracted from a graphic by Bhatia et al. (1982). We recall
that their raw data showed large scatter at both ends of the
curves. From the results of Krishnamoorthy et al. (1985), only
two particular cases were plotted, namely the two limiting
values of temperature loadings measured with a hot-wire of
diameter 5 lm, the same as the presently computed cylinder.

The corrections computed in the present study are clearly
below the values obtained by Oka and KosticÂ (1972) and by
Hebbar (1980). However, the calculated corrections show good
agreement with the more recent results of Krishnamoorthy et
al. (1985). Moreover, the present results also show a depen-
dence on the temperature loading T, con®rming the ®ndings
of Krishnamoorthy et al. (1985). The good agreement of the
computed corrections with data obtained by experiments on
turbulent ¯ows refutes the assertion of Wills (1962) that lam-
inar ¯ow corrections would tend to be twice as large as in the
case of turbulent ¯ows.

The agreement of the present results with the estimations of
Bhatia et al. (1982) is poor. The assumption of no interference
between the wall and the velocity ®eld distortion caused by the
cylinder was certainly not the main reason for the discrepancy.
This interference plays a minor role in the Nu deviations, as
will be shown in the next section. The principal error source in
their results is presumably the critical conversion of computed
Nu values into apparent velocities Umeas. Since the Nusselt
curve is very ¯at in the region of low Re numbers, small errors
in this transformation process are ampli®ed in the resulting
correction values. No information was given on how their
calculated Nu results were converted into velocity corrections
for HWA measurements.

The representation of velocity corrections by means of DU�

has some disadvantages. First, the curve is not bounded at the
lower end of the Y � range. Furthermore, DU� gives no idea of
the relative dimension of the correction, compared with the
apparent velocity measured. With the aim of obtaining a
bounded function to ®t the estimated corrections, a new rep-
resentation is proposed. Instead of DU�, the actual local ve-
locity U0 normalized to the apparent velocity Umeas is plotted
against Y �. The new correction, de®ned as

CU � U0

Umeas

�14�
constitutes a factor to be simply multiplied by the measured
velocity Umeas in order to obtain the actual local velocity U0.

The values of CU obtained from the present computations
for di�erent temperature loadings are shown in Fig. 12 to-
gether with recent experimental results. The data of Hebbar
(1980) and Krishnamoorthy et al. (1985) were transformed
from DU� to CU using the fact that U� � Y �: The results are
bounded at both ends and reveal immediately the fraction of
correct information included in HWA data from near-wall
regions. As the distance from the wall increases, the correction
factor CU tends to unity. On the other hand, at very close
distances from the wall just a small portion of the measured
HWA signal corresponds to the actual velocity information.

Fig. 11. Computed correction of DU� compared to experimental and

numerical results from the literature in the case of a highly conducting

wall.

Fig. 12. Numerical and experimental values of the velocity correction

factor CU for di�erent temperature loadings in the case of a highly

conducting wall. The ®tting curve corresponds to Eq. (15).

Fig. 10. Variation of Nu and Re1 at the cylinder height for di�erent

wire positions, compared with the reference Nu curve for free ¯ow

(T � 1:27 and conducting wall).
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Another positive aspect of this representation is a reduction in
the dependence on the temperature loading of the present re-
sults, as can be veri®ed in Fig. 12.

The calculated values of the new correction factor CU can
be ®tted for all temperature loadings considered with a good
approximation by a relatively simple equation

CU � 1:0ÿ exp�ÿ0:4Y �
2�: �15�

The curve resulting from Eq. (15) is also shown in Fig. 12.
Eq. (15) implies that less than 5% of an HWA signal would
correspond to actual velocity measurements at a small distance
of Y � � 0:35 from the wall. Based on the same equation, al-
most no correction (about 0.1%) to the measured velocity
would be needed if the wire is more than Y � � 4 away from the
wall. This is in agreement with the experimental results of
Krishnamoorthy et al. (1985).

The new correction factor CU together with Eq. (15) is ex-
pected to provide a better basis for further investigations on
this subject, which should include a veri®cation of the in¯uence
of the cylinder diameter, for example. In Section 4.3, a new
insight into the physical problem is shown by means of the
¯ow around a cylinder in the vicinity of an insulating wall.

4.3. Predictions for insulating walls

The temperature distribution of the ¯ow problem investi-
gated previously was characterized by the dominant e�ect of
the heat loss through the highly conducting wall. In the case of
a perfectly insulating wall material, no heat is extracted from
the ¯ow by the wall. In contrast, even the di�usive heat ¯ux
perpendicular to the main ¯ow that would occur in a free
stream is suppressed. This suppression causes an accumulation
of heat between the cylinder and the wall, reducing the tem-
perature gradient in this region. This e�ect can be easily rec-
ognized on the contours of the temperature in Fig. 13. The
decrease on the temperature gradient at the cylinder surface
causes a reduction in the measured Nusselt number and, hence,
in the apparent velocity determined by an HWA probe.

An open question remaining from the investigations in the
previous section is the role of the ¯ow ®eld interaction between
the cylinder and the wall in the measured Nu deviations. This
question will now be addressed. In addition to the important
in¯uence on the temperature distribution, a strong distortion
of the ¯ow ®eld is also caused by the presence of the wall. By
means of isolines of the velocity components (not shown here),
it is possible to verify this e�ect. As a consequence of the ¯ow
contraction between the cylinder and the wall, the velocity
gradient at the cylinder surface is increased, which brings
about a small increase in the heat ¯ux transferred by convec-
tion. However, the small Peclet numbers �Pe � RePr� that

characterize this kind of ¯ow re¯ect precisely the minor role
played by the convective heat transfer, compared with the heat
transferred by conduction. This is the reason why the type of
wall material plays the most important role in the determina-
tion of the velocity correction factors for the near-wall region.

The computed velocity corrections for the vicinity of a
perfectly insulating wall are plotted in Fig. 14. The correction
factor CU , de®ned in the previous section (Eq. (14)), is again
used to represent the correction needed for the measured ve-
locity values. In this case the factor CU is bounded between
unity, for larger distances from the wall, and 1.36, at very small
wall distances. Note that again just a very small in¯uence of
the temperature loading can be veri®ed by the results in
Fig. 14. The correction values calculated for the largest non-
dimensional wall distance Y � � 3:46 were obviously underes-
timated. In spite of this, they were plotted to show the clear
tendency of the correction factors CU towards unity.

An equation ®tting the obtained correction values for the
case of an insulating wall is given by

CU � 1:0� 0:363 exp�ÿ0:22Y �
2:5�: �16�

The correction curve corresponding to Eq. (16) is also shown
in Fig. 14.

Contrary to the present conclusions, experimental investi-
gations of the velocity correction needed in the case of non-
conducting wall materials showed an increase in the measured
velocity for Y �K2, as described by Bruun (1995). These cor-
rections were often interpreted as a consequence of the ¯ow
®eld interaction between wall and cylinder. The present results
have shown that this interpretation is incorrect.

The apparent contradiction between experiments with
nonconducting wall materials and the present numerical re-
sults is easily understood, if the values of the thermal con-
ductivity k of air and common ``insulating'' materials are
compared. Whereas air has a thermal conductivity k � 0.026
W/m K at ambient temperature, for plywood k � 0.1 W/m K
and for Plexiglas k � 0:2 W=m K, i.e. 4±8 times the conduc-
tivity of air. Hence in comparison with air, these wall materials
cannot be considered as nonconducting.

The comparison of the thermal conductivities makes it clear
that experiments with ``nonconducting'' (i.e. less conducting)
wall materials are to be considered as a combination of the two
extreme cases presented. This means that, because of the lower
conductivity of the wall, the heat-loss e�ect through the wall is
not as dominant as in the case of a highly conducting material,
such as a metal. In the ideal case of a wall with a similar
thermal conductivity to the ¯uid, only the small e�ect of the
¯ow contraction would in¯uence the HWA near-wall mea-
surements.

Fig. 14. Velocity correction factor CU for di�erent temperature load-

ings in the case of an insulating wall. The ®tting curve corresponds to

Eq. (16).

Fig. 13. Block boundaries and contours of the temperature in the case

of an insulating wall �Y0=D � 300, T � 1.27 and Y � � 1.7 at wire

position).
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In view of these observations, further investigations on this
subject should include the thermal conductivity of the wall as a
parameter, since its in¯uence on the correction factor CU is
expected to surpass by far the in¯uence of other parameters,
such as T or D.

5. Conclusions

By means of highly accurate computations for the two-di-
mensional laminar ¯ow around a heated circular cylinder, the
problem of HWA probes in the vicinity of rigid walls was
addressed. The investigations were based on a very e�cient
®nite volume code employing multigrid and local grid re®ne-
ment techniques. In order to verify the numerical method,
extensive and detailed predictions were performed for the ¯ow
and heat transfer around a two-dimensional cylinder under
free stream conditions over the wide Re range 10ÿ4 to 102. In
the computations free convection e�ects were neglected. It can
be argued by order of magnitude considerations that free
convection e�ects are the same in the case of the wire being
operated in free ¯ows, i.e. away from the wall, and for being
located close to a wall. Hence, taking the free convection term
out of the equations for both the free ¯ow computations and
the computations close to a wall will not a�ect the ®nal con-
clusions presented in this paper.

First, the behavior of the drag coe�cient CD and the Nu-
sselt number Nu with Re was studied in detail for the case of a
small temperature loading �T � 1:003�, when the ¯uid prop-
erties may be treated as constant. Good agreement was found
in comparison with available experimental data and with an-
alytical and numerical solutions in the range of their validity.
The study was completed with the investigation of the in¯u-
ence of the temperature-dependent ¯uid properties on the ¯ow
and heat transfer. The temperature loading was varied between
1.003 and 1.5 and the resultant e�ect on the Nusselt number
was analyzed. Applying the correction factor of Collis and
Williams (1959) and consistently calculating Re and Nu at the
®lm temperature, all computational results can be concen-
trated on a single curve.

After these veri®cation predictions, the in¯uence of the
presence of a rigid wall in the vicinity of the cylinder was in-
vestigated which resembles the ¯ow situation typically occur-
ring in hot-wire anemometric measurements. For two limiting
cases, namely a highly conducting and an insulating wall, it
was possible to estimate the velocity correction needed by
HWA measurement data. The computed results for the case of
a highly conducting wall agree well with available experimental
data. For the sake of convenience, a new form of velocity
correction was suggested. The proposed correction factor CU

has the advantage of being bounded between 0 and 1 for the
case of a highly conducting wall. Moreover, it transmits readily
the relative magnitude of the in¯uence of the wall on the
measured apparent velocity and shows less dependence on the
temperature loading of the hot-wire. The velocity ®eld inter-
ference between the wall and the hot-wire was found to be less
relevant to the deviation of Nu in near-wall regions than the
interference by heat conduction, even in the case of an insu-
lating wall, owing to the small Peclet numbers involved. This
observation contrasts with the common opinion derived from
previous experimental investigations.

The results for the case of an insulating wall were unex-
pected. Instead of larger apparent velocities, smaller values
were observed. The corresponding correction factor CU re-
sulted in values between unity and the upper limit of 1.36. This
contradicted previous experimental results. A detailed analysis
of the numerical solution revealed new aspects of this complex
¯ow situation. The accumulation of heat between the cylinder

and the wall was found to be responsible for the unexpected
e�ect. The apparent contradiction with experimental results
was explained by the fact that common ``nonconducting'' wall
materials actually have thermal conductivities much larger (4±
8 times) than that of air. Therefore, these materials cannot be
considered strictly as ``nonconducting''. They actually re¯ect a
combination of the extreme cases calculated. In conclusion, the
present work resulted in a better insight into this key problem
of the HWA measurement technique. In order to improve
further the correction of HWA measurements in the near-wall
region, a more detailed study on the speci®c in¯uence of the
thermal conductivities of wall materials will be the subject of
future investigations.
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