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MMV211 Fluid Mechanics

Laboration 2b: Hot Wire Anemometry

OBJECTIVES

During this lab session the student will be acquainted with hot-wire anemometry, a tech-
nique used for local measurement of flow velocities, especially in turbulent flows. The
measurements will be carried out in air flows using a PC-based, user-friendly system, in
particular for a circular cylinder in cross flow.

PREPARATIONS

Read this PM (skim through sub-chapters 1.2, 1.4 and 1.5), and read the pertinent para-
graphs in the text-book, F. M. White, Fluid Mechanics, on (i) the Pitot-Static Tube and
(ii) the Hot-Wire Anemometer, in Chapter 6. You will then have a basic knowledge of
the technique and know what to do during this lab session.

SCHEDULE

1. Activation of previous knowledge

2. Equipment and methodology

3. Measurements according to this PM

4. Discussion of results

This lab session takes about one hour; some tasks will be demonstrated.

C. Norberg, January 16, 2010



1 Hot Wire Anemometry

1.1 Introduction

Hot wire anemometry (HWA) is a well-established technique for local measurements and
analysis of velocity fields, especially in turbulent one-phase flows (gases or liquids). De-
veloped systems are available commercially. One advantage of HWA is that it is possible
to get a continuous output signal and to detect very fast fluctuations in the velocity field.

The principle of HWA is simple, the cooling of a hot body in a colder flow stream is depen-
dent on the flow velocity. The functional dependency has to be determined by calibration.
The heated sensor is a thin, short wire, normally made of tungsten coated with platinum
(to avoid oxidation). The small dimensions enable a very fast response, and to measure
velocities locally. The following data is typical for standard air measurements at velocities
less than about 40 m/s: wire diameter 5 µm; active length 1.25 mm.1 The predominant
method is to keep the wire at constant temperature, which is done by keeping it a con-
stant electric resistance using a Wheatstone bridge (Constant-Temperature Anemometer,
CTA). The sensor can be used for very fast fluctuations, up to several hundred kHz.

1.2 Heat Transfer

Consider a long, thin heated wire of circular cross section that is cooled by a flowing fluid.
The velocity V is assumed to be constant over the whole wire length.

The total heat loss of the wire depends on

1. The absolute value of the fluid velocity V , and the angle between the wire and the
velocity vector, θ.

2. The temperature difference between the wire and the fluid, Θ = Tw − Tg.

3. The physical properties of the fluid; density ρ, viscosity µ, heat conductivity k,
specific heats cp and cv, . . . ).

4. The dimensions of the wire (diameter d, length ℓ) and its physical properties, density
ρw, specific heat cw, heat conductivity kw, . . . ).

Usually items (2) and (4) are known. If then (3) is known or is held constant, (1) can be
measured.

In a general case the cooling losses are due to three mechanisms: conduction, convection
and radiation. Radiation losses can be neglected if Tw < 300◦C (Tg ≃ 20◦C). Conduction
takes place primarily at the ends of the wire; these losses can neglected if the wire is
made long enough. For standard air and conventional wires, the conduction can be totally

1In liquids, the sensing elements are usually called hot-films; the sensor is then made of a quartz that
is locally coated with a metallic film, often nickel.
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neglected if ℓ/d is greater than about 600. For shorter wires and to minimize conduction
effects, the ends and the prongs holding the wire can be locally coated with gold, which is a
highly conducting material. The losses due to forced convection are usually predominant,
even at very small velocities. Natural or free convection, i.e., convection at V = 0, can
be neglected compared to forced convection if Re > Gr1/3, where Re is the Reynolds
number, Re = ρ V d/µ, and Gr = g ρ2d3β Θ/µ2 is the Grashof number (gravity g, volume
expansion coefficient β; ideal gas ⇒ β = T−1

g ). For d = 5 µm and Θ = 230◦C in standard
air, natural convection can be neglected if 6 cm/s. In practice, the lower limit is somewhat
higher, about 20 cm/s.

From the definition of heat transfer coefficient h, the heat loss is

Q̇ = h π d ℓ Θ (1)

The non-dimensional heat transfer coefficient is called the Nusselt number,

Nu = h d/k (2)

Now assume that the fluid is a perfect gas, an ideal gas with constant specific heats.
Also assume that compressibility effects can be neglected, e.g., Ma = V/c < 0.3, Ma
being the Mach number. For sea-level air, this means velocities less than about 100 m/s
(c ≃ 340 m/s). If heat transfer is solely due to forced convection, the following applies,
from dimensional analysis

Nu = f(Re, Pr, aT , ℓ/d, θ) (3)

where Pr = µ cp/k is the Prandtl number, aT being the thermal overheat ratio, aT =
Θ/Tg = Tw/Tg − 1. For air (Pr = 0.72) the following expression is approximately valid:

Nu = (1 + aT /2)0.17(A1 + B1Ren) (4)

where A1 only depends on ℓ/d, B1 only on the flow angle θ. The exponent n is constant
over specific ranges in Reynolds number, e.g. n = 0.45 for Re = 0.02 − 44; in this same
range and for sufficiently large ℓ/d and small |θ|, A1 = 0.24, B1 = 0.56. For V = 10 m/s in
air with d = 5.0 µm at 100 kPa, 20◦C and Tw = 250◦C the Reynolds number2 is Re = 1.8,
which then gives Nu = 1.0; V = 40 m/s gives Nu = 1.7.

Now assume that that wire is electrically heated. At thermal equilibrium, Q̇ = E2/Rw,
where Rw is the wire electrical resistance; E is the voltage across the wire. This gives
E2 = Rwπ ℓ k Θ Nu = Rwπ ℓ k Θ (1 + aT /2)0.17(A1 + B1Ren). Thus the voltage E depends
on the velocity V , since it is included in the Reynolds number, E = f(V ).

The hot wire resistance can be assumed to be linear with the temperature, e.g., Rw =

2Fluid properties are evaluated at T = (Tg + Tw)/2, the so-called film temperature.
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R20 [ 1+ α20(Tw − T20) ], where R20 is the resistance at 20◦C. A platinum-plated tungsten
wire has α20 ≃ 0.0036 K−1 (0.36%/K).

1.3 Calibration

At a constant wire temperature and for modest fluid temperature variations the relation
above becomes E2 = (Rw − Rg)(A2 + B2V

n), where A2 and B2, are only weakly temper-
ature dependent (especially for gases). The velocity should here be seen as the effective
cooling velocity. Thus at constant fluid temperatures:

E2 = A + BV n (5)

This relation is called the Power law, sometimes the modified King’s law.3 For a real hot
wire the wire dimensions, wire properties, etc., are only known approximately. Also the
true Nu-Re-relationship might be somewhat different from the above. Consequently, the
relation E2 = A + BV n has to be treated as a calibration function.

Velocity calibration systems are normally based on the Pitot-static tube (the Prandtl
tube). At velocities higher than about 4 m/s and when used in conjunction with micro-
manometers, a typical velocity uncertainty for the Pitot-static tube is about 0.5%. At
1.5 m/s, the typical uncertainty is about 2%.

During measurements, the influence of slowly-varying fluid temperatures can be adjusted
for. However, this requires a separate temperature sensor.

1.4 Sensitivity to flow direction and probe interference

The hot-wire sensor actually measures an effective cooling velocity, which, for very long
wires, roughly is the absolute value of the velocity component normal to the wire. A
real wire is fitted between two holders, often in the form of a fork, so-called prongs; see
Fig. 1. For such a probe, the the ratio between the effective cooling velocity Ve and the
true velocity V approximately follows

Ve/V = f1(θ, ℓ/d, ℓc/d) × f2(ϕ, geometry) (6)

where ℓc is the so-called cooling length; other quantities are defined in Fig. 1; V is the
absolute value of the velocity vector.

Although the mean wire temperature is constant, the temperature varies along its length;
see Fig. 2. This is due mainly to conduction effects at the wire ends. The cooling length
follows approximately 2ℓc/d = [ (kw/k)(1 + a)/Nu ]1/2, where kw is the heat conductivity
of the wire at its’ (mean) temperature Tw; a = Rw/Rg − 1 is the resistive overheat ratio,

3King’s law from 1914 has n = 0.5; usually the exponent is within n = 0.45 ± 0.05.
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Figure 1: Hot wire and the probe-related coordinate system.

where Rg is the wire resistance at Tg, the ambient temperature. For tungsten wires and
air velocities higher than about 3 m/s, ℓc/d ≤ 35 (Nu ≥ 0.7, a ≃ 0.8, kw/k ≃ 2000). To
keep the conduction losses low, it is essential to have a long wire in relation to the cooling
length. For a conventional (d = 5 µm, ℓ/d ≃ 250) hot wire in standard air, ℓ/ℓc ≃ 10,
which means that conduction losses are less than about 10% of the total heat loss. To
decrease the conduction losses even further, and at the same time get a shorter effective
length, the wire is usually gold-plated near the ends; see Fig. 4. Note that the wire mean
temperature Tw is lower than the maximum at the center of the wire. For an ordinary
wire the mean temperature is limited to about 250◦C.

Figure 2: Temperature distribution along a hot wire, at different ℓ/(2ℓc).
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When ℓ/d → ∞ the function f1 approaches cos θ.

The function f2 describes probe interference. It contains several geometrical parameters;
see Fig. 1. For a certain probe type and specific overheat ratios, the following applies:

Ve/V = f(θ, ϕ, ℓ/d) (7)

The most common model for this functional relationship is as follows. The velocity vector
is first expressed in a probe-related coordinate system: VN normal to the wire and along
the probe prongs (normal component), VT along the wire (tangential component), and
VBN at right angles to both these (bi-normal); see Fig. 1.

VN = V cos θ cos ϕ (8)

VBN = V cos θ sin ϕ (9)

VT = V sin θ (10)

As suggested by Jørgensen, for |θ| < 30◦, the effective velocity can be written as:

Ve =
√

V 2
N + K2V 2

T + H2V 2
BN (11)

where K and H are sensitivity factors for tangential and bi-normal cooling, respectively.
These factors can be determined from angular calibrations (by varying θ and ϕ). Hot
wires with ℓ/d = 250 have K ≃ 0.2 (ℓ/d > 600 ⇒ K ≃ 0.0). The H-value depends
somewhat on the specific geometry but for standard probes and ℓ/d = 250 it is normally
about 1.05. Gold-plated ends can reduce both K and H ; ideally they should be K = 0
and H = 1.

1.5 Analysis of a straight hot wire probe

Suppose that the probe is oriented so that VN = U , VBN = V and VT = W , where
(U, V, W ) are the velocity components in a cartesian coordinate system. Let the mean
flow direction be in the direction of the prongs, U = U + u(t), V = v(t) and W = w(t)
(V = W = u = v = w = 0, overbar means time average); see Fig. 3. This is the standard
configuration for velocity calibration.

The effective cooling velocity according to Jørgensen:

Ve =
√

U2 + H2V 2 + K2W 2 = U
√

(1 + ǫ1)2 + ǫ2
2 (12)

where

ǫ1 = u/U (13)

ǫ2 =
√

H2(v/U)2 + K2(w/U)2 (14)
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Figure 3: Straight probe oriented along the mean flow.

The fluctuations are assumed small, |ǫ1|, |ǫ2| ≪ 1. Taylor series expansion gives

Ve/U = 1 + ǫ1 +
1

2
(1 − ǫ1)ǫ

2

2
+ O [ ǫ4

1
] (15)

O [ ] stands for order of magnitude of remaining terms. For the time-averaged velocity

Ve/U = 1 +
1

2
H2v2/U

2
+

1

2
K2w2/U

2
+ O [ u4/U

4
] (16)

The approximation is

Ve = U (17)

The error can be estimated if it is assumed that the velocity fluctuations are small but of

equal intensity, u′ = v′ = w′ ≪ U , where “prime” stands for r.m.s.-value, u′ =
√

u2, etc.
The local turbulence intensity is

Tu =

√

1

3
(u2 + v2 + w2)

U
=

√

2kt/3

U
(18)

where kt is the turbulent kinetic energy. In this ideal case, Tu = u′/U = v′/U = w′/U ,
which means that the relative error can be estimated as

(Ve − U)/U ≃ 1

2
Tu2(H2 + K2) (19)

The relative error increases quadratically with Tu. For Tu = 10% and H = 1.05, K = 0.20
the systematic error becomes +0.6%; +2.3% for Tu = 20%. Thus, to avoid excessive
systematic errors, it is essential to have low enough turbulence intensities. During velocity
calibrations, the rule-of-thumb is to have Tu < 5%, preferably Tu < 2%.
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The relative error in using the approximations ve(t) = u(t) and
√

v2
e = v′

e = u′ =
√

u2 is
instead directly proportional to the turbulence intensity. For Tu = 10%, with H and K
as above, the absolute value of the relative error is less than 3%.

1.6 Single normal hot wires; calibration and measurements

Fig. 4 shows a couple of commercial single normal hot wire probes.

Figure 4: Single normal hot wire probes from DANTEC, d = 5 µm, ℓ = 1.25 mm.
(a) miniature, straight (type 55P11), (b) ordinary, straight (55P01), (c) boundary-layer,
straight (55P05), (d) straight 90◦ probe with wire perpendicular to the probe axis (55P04).
All wires except (a) have gold platings (R20 ≃ 3.5 Ω, α20 ≃ 0.36%/K); dimensions in mm.

Stationary turbulent flow means that the cooling velocity can be expressed as Ve(t) =
Ve + ve(t). This also goes for the voltage from the anemometer, E(t) = E + e(t).

During velocity calibration of a single normal hot wire the probe is oriented as in Fig. 3.
For small velocity and voltage fluctuations, |ue/Ue| ≪ 1 and |e/E| ≪ 1, the modified
King’s law (5) gives

U = Ve = [ (E
2 − A)/B ]1/n (20)

Since the turbulence intensity during calibration is assumed to be very low this relation
can be considered to be exact. The constants A and B are determined from curve-fitting,
e.g. using a least-square procedure. The following thus applies at each specific time

E
2
(1 + e/E)2 = A + BVe

n
(1 + ve/Ve)

n (21)

At low enough turbulence intensities the above relation can be linearized, (1+ǫ)m ≃ 1+mǫ,
for ǫ ≪ 1. From previous section and as (20) is assumed to be valid:

u(t) = ve(t) = e(t)/s (22)
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where the sensitivity factor s is independent of time but dependent on the mean velocity,

s =
nBU

n−1

2E
=

n(E
2 − A)

2E U
(23)

The fluctuations of the cooling velocity can thus be observed directly on an oscilloscope.
Please note that the sensitivity decreases with increasing velocity.

At low enough turbulence intensity, the r.m.s. of velocity fluctuations is simply u′ = e′/s,
where e′ is the r.m.s. of voltage fluctuations from the anemometer. To within 5% this
is valid up to about Tu = 15%. When using digital analysis each voltage is converted
to a velocity using the calibration function, which means that such time-averaging errors
disappear completely. However, even with a digital analysis, it is not possible at high
turbulence intensities to avoid the errors that are due to the cross-talk that occurs when
converting cooling velocities to velocity components.

As a general rule-of-thumb, conventional hot wire anemometry should not be used if the
local turbulence intensity is higher than about 35%, at least not for quantitative purposes.
Apart from the mix-up of velocity components (cross-talk), it is evident that a hot wire
can not distinguish between what is forward and backward, it behaves like a rectifier.

2 Flow around a circular cylinder in cross flow

2.1 Observations; influence of Reynolds number

Flow around a circular cylinder in cross flow is a very well-studied flow case, especially for
incompressible flow conditions. The oncoming flow is assumed to be steady (free stream
velocity U) and normal to the axis of the cylinder (diameter d). The flow characterization
due to Reynolds number, the sole flow parameter for a long enough, unconfined cylinder
at incompressible flow conditions, Re = ρUd/µ = Ud/ν, is roughly as follows. For very
small Re, viscous effects dominate and the flow is fully attached to the cylinder. At around
Re = 6.3, however, the flow can not follow the cylinder all around, the flow separates at
ϕ = 180◦, ϕ being measured from the frontal stagnation line. A slight further increase in
Re means that separation occurs on both sides of the cylinder and the separation lines
move upstream on the cylinder surface with increasing Re. A recirculating region (wake)
develops behind the cylinder, with two counter-rotating vortices. The flow is still fully
symmetric, two-dimensional and laminar; see Fig. 5.

At Re ≃ 47 a periodic wake instability occurs, but the flow remains laminar and two-
dimensional.4 At the inception of the instability, the two vortices in the recirculating
region start to wiggle, and as soon as the instability sets in the vortices roll up in a
periodic, non-symmetric fashion, and eventually leave the cylinder. This phenomenon is
called vortex shedding. In the mean sense, the flow is still symmetric. To start with, the

4Experimentally, some slight manipulation of the conditions close the ends is needed to achieve two-
dimensional laminar shedding flow over the cylinder length.
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Figure 5: Re = 26; photograph by S. Taneda.

shedding frequency fS times the viscous time scale (d2/ν) increases approximately in a
linear fashion with the Reynolds number, fSd

2/ν ≃ 0.21(Re − 21). The anti-symmetric
system of vortices is known as the von Kármán vortex street; see Fig. 6.

Figure 6: Re = 140; photograph by S. Taneda.

At Re ≃ 180 a three-dimensional wake instability sets in, which is followed by another one
at Re ≃ 220. At Re ≃ 265 the separation and vortex roll-up are still laminar but beyond
the roll-up the wake flow becomes turbulent. Despite turbulence, the wake flow has a
strong periodic character.5 From Re ≃ 300 to Re ≃ 3.0 × 105, the shedding frequency
times the convective time scale, the Strouhal number, is approximately constant, St =
fSd/U ≈ 0.2; see Fig. 7. Also the drag coefficient CD is relatively constant; see Fig. 8.

At around Re = 1600, the transition to turbulence reaches the near-wake region and and
significantly affects the vortex formation; St decreases and CD increases. From this Re and
onwards, the flow is very sensitive to tiny flow disturbances, e.g. from velocity fluctuations
in the free stream; an increase in the free stream turbulence intensity essentially gives the
same effect as an increase in the Reynolds number. Also the length-to-diameter ratio ℓ/d
is of importance but for ℓ/d > 15 the influence is very small, if Re > 6× 103 (Fig. 9) and
the cylinder is terminated by end plates.

From Re ≃ 3 × 105, with increasing Re, there is a rapid increase in St and sudden

5Up to about Re = 5 × 103, the spectral quality of the shedding frequency is extremely high.
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Figure 7: Strouhal number; measurements by C. Norberg (Tu = 0.06%).

decrease in CD, the so-called drag crisis. The phenomenon is due to that the transition to
turbulence now has reached the separation region, which just before the crisis occurs at
around ϕ = 77◦. Due to turbulence the boundary layer is more resistant to separation, and
there is a shift in final separation to the back side. This means that the wake becomes
smaller and the (scaled) velocity at separation decreases; this increases the shedding
frequency (St) and the pressure (coefficient) in the near-wake region, which decreases CD

since the loading now is completely dominated by pressure forces, CD ≃ CD,p.

2.2 Measurements at position of calibration, without cylinder

Temperature, T = ◦C; ambient air pressure, pa = kPa

Density, ρ = pa/(RT ) = kg/m3 (R = 287 J kg−1 K−1)

Dynamic viscosity, µ = ×10−6 Pa s

Kinematic viscosity, ν = µ/ρ = ×10−6 m2/s

Calibration interval, ( − ) m/s

For two velocities within the interval, measure the velocity with the Pitot-static tube and
the hot wire, respectively. Also determine the free stream turbulence intensity.

Potentiometer [V] U [m/s] (Pitot-static) U [m/s] (hot wire) Tu [%]
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Figure 8: Drag coefficient, CD = CD, p + CD, f ; CD, p due to pressure forces (form drag),
CD, f due to surface friction (friction drag).

Comments:

2.3 Flow around a circular cylinder

Cylinder, diameter: d = 10 mm, length between end plates: ℓ = 150 mm.

Choose a free stream velocity well within the calibration interval. Measure the actual
velocity and compute the Reynolds number, Re = ρ U0 d/µ = U0 d/ν.

Potentiometer [V] U0 [m/s] Re × 10−3

2.3.1 Vortex shedding, Strouhal number

Study the flow periodicity due to vortex shedding on the oscilloscope. Determine the
dominant shedding frequency, fS. Compute the Strouhal number, St = fS d/U0, and
compare with measurements in Fig. 7.

Shedding frequency, fS [Hz] St (measured) St (Fig. 7)

Comments:
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Figure 9: Re = 8 × 103; photograph by C. Norberg (ℓ/d = 20, Tu = 0.1%)

2.3.2 Wake profile, drag coefficient

No actual measurements will be carried out here; partly demonstrated!

Place the probe 150 mm downstream of the cylinder axis (x/d = 15). Traverse in cross-
stream steps ∆y = ∆ŷ = (1 − 4) mm over the region y ∈ (−50, 50) mm (approx.); finer
steps at around the wake centerline. ŷ is the cross-stream laboratory coordinate.

Plot mean velocity U , turbulence intensity Tu = u′/U , and r.m.s. velocity u′ vs. ŷ.
Examine the assumed symmetry of the mean flow (with respect to the wake centerline,
y = 0). Estimate the mid-wake coordinate in laboratory coordinates, i.e., the coordinate
ŷ = ŷc that corresponds to y = 0.

Umin [m/s] Umax [m/s] u′

max [m/s] Tumax [%] ŷc [mm]

Consider now a control volume for which the lateral boundaries are stream surfaces on
each side of the cylinder; see Fig. 10. These lateral stream surfaces are chosen so that the
outlet surface is at the edge of the wake, at y = ±δ where U = U0 (the time-averaged
field is assumed to be symmetric with respect to the x-axis). End effects are neglected
(end plates are used). At the inlet section, assumed at uniform velocity U0, the vertical
distance from the x-axis to the stream surface is H . Mass balance requires

U0H =
∫ δ

0

U dy

At some distance downstream of the cylinder the static pressure has relaxed back to the
upstream (ambient) pressure. If the exit is at such a plane it can be assumed that also
the upstream plane is. The cylinder itself is cut out from the control volume. Assuming
the lateral boundaries to also be at ambient pressure the cylinder drag can be calculated
from the momentum equation,
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Figure 10: Sketch of the time-averaged flow around a circular cylinder.

∑

Fx = −D = 2
∫ δ

0

ρU
2
ℓ dy − 2ρU2

0 Hℓ

In this expression it is assumed that the turbulent stresses are negligible, which can be
guaranteed for a low-turbulence inlet flow and if the outlet is at a sufficient large distance
downstream (approx. x/d ≥ 15). Introducing Û = U/U0 and inserting H from above the
cylinder drag can be written as

D = 2ℓdρU2

0

[

∫ δ

0

(Û − Û2) d(y/d)

]

For y > δ the integrand is zero. Thus, the stream surfaces can be moved outwards
without contributing, which means that all outer surfaces can be guaranteed to be at
ambient pressure. By introducing η = y/δ, the drag coefficient then is

CD =
D/ℓ

d ρ U2
0/2

= 4
∫

∞

0

(Û − Û2) dη

Use the available computer program (shown by the lab assistant) to calculate CD from
the measured wake profile U(ŷ). Give an estimate of the uncertainty interval. Compare
CD with previous measurements (lab 1) and Fig. 8.

CD ± ∆CD (measured) CD (Fig. 8)

Comments:
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