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III. Conclusions
A consistent set of finite-difference equations for the

numerical simulation of problems in heat, mass, and/or
momentum transfer requires that the finite-difference set
possess the same conservation properties as the original
differential equations. Not all finite-difference formulations
demonstrate this conservation. In particular, the use of a
limiting form of the governing equations at the centerline will
not result in overall conservation for any finite-difference
formulation. Expanding the diffusive term as the sum of two
derivatives also leads to errors, regardless of whether or not
the centerline of the flow is treated in a limiting fashion.

In order to arrive at a consistent form of the finite-
difference equations, the governing differential equation
should be integrated over the grid space. This applies to the
centerline of the flowfield as well as the exterior points.
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Characteristics of the Split Film Sensor
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Introduction

A recent innovation in hot-film anemometry has been the
development of the split film sensor.' The sensor

consists of two electrically independent films on a single
quartz fiber, as shown in Fig. 1. If each film is operated with a
separate anemometer circuit, the total heat transfer from both
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Fig. 1 Difference in heat transfer from the two films of a split film
sensor in steady flow; theory and experiment. Values are scaled to
make all curves pass through sin 0 at 6 = 45 deg.
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Fig. 2 Errors associated with use of single calibration curve for split
fi lm sensor in steady and unsteady flows.

films provides a measure of the magnitude of the velocity
vector normal to the axis of the fiber, UN, while the difference
in the heat transfer from the two films provides a measure of
the component of the velocity vector perpendicular to the
plane of the splits, i.e., UN sin 6. The use of the split film
sensor has been dependent on data from experimental
calibration. This Note presents results obtained from a
numerical simulation which shows excellent agreement with
experimental data for steady flows. Some effects arising from
unsteadiness in the flow are discussed and an analysis of some
sources of error in the use of the split film sensor is presented.

Numerical Simulation
The heat transfer from a heated circular cylinder in

crossflow was calculated by numerical integration of the
Navier-Stokes equation, coupled with the energy equation.
The flow was two-dimensional and the fluid was assumed to
be imcompressible and to have properties which are invariant
with temperature.

The heat-transfer characteristics were computed for steady
flows at values of Re, the Reynolds number based on cylinder
diameter d ranging from 1 to 40 and for a number of unsteady
flows. In all calculations the value used for the Prandtl
number was 0.7. The details of the numerical simulation are
given by Apelt and Ledwich.2 The values obtained for the
total heat transfer from the cylinder in steady crossflows are
in very close agreement with those obtained in a different
numerical simulation reported by Dennis et al.3 and are larger
than the experimental results of Collis and Williams4 by
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between 3 and 8%. Such agreement with experimental results
is as close as one could realistically expect when the
limitations of the mathematical model are taken into account.

Application of Split Film Sensor
The characteristics of a split film sensor were obtained

directly from the numerical simulation by separately
evaluating the heat transfer from each half of the surface of
the cylinder. If Qlt Q2 denote the rate of heat transfer from
films 1 and 2, respectively (see Fig. 1), the relationship,

Qi -& = ) sin 0 (1)

is proposed in Ref. 1 as the basis for calibration. This
relationship will be strictly correct only if the local rate of heat
transfer around the surface of the cylinder, Q(a), varies
according to,

Q(a) = a — (2)

where a. is measured from the direction of the velocity vector,
as shown in Fig. 1, and a, b are functions of Re. In Fig. 1 the
results obtained from the numerical simulation for the ratio
(Qi-Q2)//Qi + Q2)> denoted by QR, are shown for steady
flows in the range 1 </?e<40. The values have been scaled in
each case to make QR equal to sin 6 at 0 = 45 deg, i.e.,
Q'R(O) = QR(Q) sin 45 deg/Q^(45 deg). The range of ex-
perimental results from Ref. 1, scaled in the same way, are
also shown in Fig. 1 and the agreement between these and the
numerical results is very good indeed. The experimental data
cover an approximate range of Re from 1 to 1000. The curve
oT sin 6 is also shown in Fig. 1, and it can be seen that Q'R is
very closely approximated by sin 0 at low values of Re; the
agreement is better than 0.1% at Re=\. The differences
between Q'R and sin 0 increase with Re, but it would appear
from the experimental results shown in Fig. 1 that the curves
of Q'R will lie within the rather small range indicated in Fig. 1
for values of Re between 1 and 1000. Extension of the
numerical simulation to larger values of Re to check this is
desirable, even though this will be a substantial task since
periodic vortex shedding must be allowed for when Re>40.

It would be very convenient if a single calibration curve
could be used for all values of Re and, indeed, the median
curve of Q'R could be used for this purpose with sufficient
accuracy for many applications. A measure of the accuracy of
such a procedure is given by the associated error in the
determination of the angle 0, denoted by A0. The maximum
errors resulting from use of the median curve of Q'R as the
calibration at all values of Re are shbwn in Fig. 2. It can be
seen that A0 has a magnitude less than 0.5 deg for 0<52 deg.
The error grows rapidly with larger values of 0, an inevitable
consequence of scaling QR so as to achieve no error at 0 = 45
deg. Better accuracy could be achieved, of course, if a more
complex relationship than that indicated by Eq. (1) were used,
and if the dependence on Re were allowed for. Such a
relationship could be formulated when results have been
obtained from numerical simulations at larger values of Re.

Effects of Unsteadiness
All of the preceding discussion has related to the response

of the split film sensor to a steady velocity vector or to the
temporal mean velocity vector in turbulent flow. When the
sensor is used in turbulent flow to indicate, for example, the
direction of the instantaneous velocity vector there is in-
troduced a new source of error in that the distribution of heat
transfer around the surface of the cylinder in a steady velocity
field is not exactly the same as that in an unsteady velocity
field at the same (instantaneous) value of Re. This is
illustrated in Fig.3 where the curves of QR obtained in the
numerical simulation for three unsteady flows are compared
with the appropriate steady-state curves. For the first case, a
sinusoidal fluctuation in velocity of amplitude of 10% and
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Fig. 3 Effects of unsteadiness of flow on heat-transfer charac-
teristics of split film sensor.

frequency 0.14 UN/d Hz was applied to a mean flow at
Re= 10. The other two cases involved impulsive increases in
velocity of 50%. The curves shown for cases 2 and 3 in Fig. 3
correspond to conditions at times of 0.83 d/UN s and 1.05
d/UN s after the impulsive increase in velocity, respectively.
The time constant, i.e., the time taken for the response to
reach 0.63 of the increment to the final value, had the values
1.16 d/UN in case 2 and 0.81 d/UN in case 3. In all three cases
the cylinder was treated as having no thermal inertia.

In application to unsteady flow, a steady-state calibration
must be used and, consequently, the extra errors arising from
unsteadiness will be essentially unaffected by the type of
steady-state calibration used. To indicate the order of
magnitude of the extra errors arising from unsteadiness in
turbulent flow the errors associated with the three specific
cases of Fig. 3 have been shown in Fig. 2. It can be seen that
the extra errors arising from unsteadiness can be substantial.
The two cases of impulsive velocity changes give conditions
which are unlikely to be met in normal experimentation.
However, the case of periodic fluctuation in velocity results in
extra errors which are comparable to those associated with the
steady-state calibration curves discussed in preceding sections.
In fact, it can be inferred from Fig. 2 that the accuracy of
results obtained with a split film sensor in turbulent flow will
deteriorate seriously if the angle between the mean velocity
vector and the plane of the split exceeds 45 deg, or if the
turbulence intensity is very large.
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