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Abstract

The gust wind tunnel at IDR, Universidad Politécnica de Madrid (UPM), has
been enhanced and the impact of the modification has been characterized.
Several flow quality configurations have been tested. The problems in measuring
gusty winds with Pitot tubes have been considered. Experimental results have
been obtained and compared with theoretically calculated results (based on
potential flow theory). A theoretical correction term has been proposed for
unsteady flow measurements obtained with Pitot tubes. The effect of unsteady
flow on structures and laying bodies on the ground has been also considered. A
theoretical model has been proposed for a semi-circular cylinder and
experimental tests have been performed to study the unsteady flow effects,
which can help in clarifying the phenomenon.

Keywords: hot wire anemometer, gust wind flow, Pitot tube measurements, gust
wind tunnel correction factor for Pitot tubes, unsteady flow measurements,
ballast pickup, influence of gusty winds, gust characterization, unsteady flow’s
effects on structures.

1 Introduction

For a long time, study of wind gusts and their effects on various bodies lying on
the ground has been receiving a strong interest from worldwide researchers. As a
part of this interest, IDR/UPM has developed a gust wind tunnel to study and
research those effects (fig.1). The theoretical and conceptual research
that justifies the development of the gust wind tunnel can be found in Sanz-
Andres and Navarro-Medina [1].
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Figure 1:  Schematic diagram of the gust wind tunnel with the gust generation
mechanism  (dimensions in  cm). (1) Centrifugal fan-1,
(2) Centrifugal fan-2, (3) Test chamber-1, (4) Test chamber-2,
(5) Transition chamber , (6) Wind flow quality filters, (7) Testing
area, (8) DC motor, (9) Chain tensor, (10) Test chamber splitter
board, (11) Rotating gate-1, (12) Rotating gate-2, (13) Fans driving
motors. (Note: gate rotation frequency, f,", is measured by an
optical laser sensor (not shown in this fig. 1).)

The description of the gust wind tunnel can be found in Navarro-Medina et al.
[2]. In the initial version of this gust wind tunnel, the gust frequency control had
not an electronic feedback. In the present wind tunnel an electronic control
system (INFRNOR, model SQC-2I) for the gust generation DC motor
(MAVILOR-MO0-1000 STD, model 1120 W) is included.

In unsteady, accelerating, or fluctuating fluid flows, due to the inertial effects
of the fluid, Pitot tubes cannot accurately measure the fluid flow (Pratt [3]). To
overcome this problem a theoretical correction is proposed here to correct the
measurements of the Pitot tube.

The problems in unsteady or gusty flow on structures have been considered
by Naudascher and Rockwell [4] by using a semi-circular cylinder. A similar
body is considered in the present paper. According to [4], in unsteady flow, a
flow passing around a semi-circular cylinder the phenomenon of wake breathing
takes place. A semi-empirical theoretical model is proposed here, based in a two-
dimensional potential flow model, correcting the wake effect, which is validated
with the experimental results.

This paper is organized as follows. In section 2, an experimental setup to
characterize the unsteady uniform flow with a hot-wire anemometer and a Pitot
tube and an experimental setup to steady the flow around a semi-circular cylinder
are presented. In section 3, a brief description of the testing procedure is
described. In section 4, the characterization of the gust in the wind tunnel, is
described. In section 5, the proposed theoretical correction term, Pitot
tube’s measurements and simulated pressure (based on the hot-wire anemometer
measurements) are presented. In section 6, a theoretical model of the unsteady
flow around the semi-circular cylinder together with experimental results is
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described. In section 7, results are summarized. Finally, in section 8, conclusions
are drawn.

2 Experimental setup

In this section a brief description of, the hot-wire anemometer probe and Pitot
tube and hot-wire anemometer probe and semi-circular cylinder experimental
setups are presented.

2.1 Hot wire anemometer probe and Pitot-tube

For measuring the gust wind flow inside the test chamber, a hot-wire
anemometer with probe, (a mini CTA version 4.10 of Dantec Dynamics [5]) and
a Pitot tube with a pressure transducer TRy, (Sensor Technics, model BTEL
5905 DIA,) are mounted in the test section. The hot-wire anemometer probe
(fixed to a wooden supporting stand) and Pitot tube have been placed at 19.5 cm
above the base of the test section-2 (fig. 2(a)).

\ WOV

Hot wire

(@) (b)
Figure 2: (&) Experimental setup of the Pitot tube and hot-wire probe in test
section; (b) Schematic diagram of the Pitot tube with geometrical
nomenclature.

The output from the hot-wire anemometer probe is connected to the input of
the mini-CTA. The outputs from the mini-CTA and Pitot tube’s pressure
transducer, TRy, are connected to a desktop computer through a connection hub
(Model BNC: 2110, National Instruments). The application software Streamware
(Dantec Dynamics [5]), installed in the desktop computer, transforms the
readings from the hot-wire anemometer to measured fluid speed, Ug", in the test
section. For the case of Pitot tubes, pressure transducer, TR;, generates the
pressure difference Ap. From the measured Ap the speed of the measured
fluid flow, Ug", is estimated by using the Bernoulli's equation (in the case of
steady flow)
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U, = Z(pt_ps)_ (1)
V' P

The air density, p,, obtained from the ambient conditions.
2.2 Semi-circular cylinder

To study the unsteady flow effects on structures lying on the ground, a semi-
circular cylinder (radius 0.05 m) and a hot-wire anemometer probe are mounted
in the test section (fig. 3). The semi-circular cylinder includes 3 pressure taps, Py,
P, and P,. The pressure differences P,—P, and P,—P, are measured by the
pressure transducers TR; and TR, (Honey well, model 1639CO1D75)
respectively. The mean value of the flow speed measured by hot-wire
anemometer is used as a reference flow speed, Ug, in the test section.

(@) (b)

Figure 3: (&) Hot-wire anemometer probe and semi-circular cylinder
experimental setup; (b) Schematic diagram of the semi-circular
cylinder experimental setup.

3 Testing procedure

For improving the wind flow quality inside the test section, one of the
configurations listed in table 1 can be selected (Navarro-Medina [2]).

In this paper, the configuration C, has been selected as the best wind flow
quality in the test section. The other parameters nominal gust frequency, ng, =
[0, 2, 4, 6, and 8 Hz], fan speed, f,, = 30 and 40 Hz (60 % and 80 % of the power
supply of fan motors) and Ty = 380 mm (rotating gate chord maximum blockage
of a test section area) have been chosen for these experiments. The test time
duration has been set to 2 minutes for each value of nominal gust frequency, ng.
(In the following sections, to have a better view of the results, all the plots are
plotted for first one second of the recorded data). For checking the measuring
instruments, in the steady flow, a sample test data was recorded. The
measurement data obtained from the hot-wire anemometer and Pitot tube, PT,
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have been processed by a Matlab program. Results are shown in fig. 4 and
discussed in section 7.

Table 1: Wind flow’s quality configurations.
Symbol Description
Cy A clear entrance for flow towards test section-2 (no flow

quality enhancement).

C, A 50 mm wide honeycomb screen with 5 mm cells, placed at the entrance
of flow towards test section-2.

Cs Honeycomb of previous configurations plus a 5.2 mm cell square grid of
0.8 mm porosity, made of 0.7 mm diameter wire, placed just downstream.

C, Configuration C,, adding a 15 mm wide foam screen placed upstream

of the honeycomb.

Velocity mis

t [s]

Figure 4. Plot of the velocity meaured with the hot-wire, Ug", Pitot tube,
PTE™ as a function of time [s] in steady flow with configuration Cj,
rotating gate chord, T,=380 mm, nominal gust frequency, ng =0
Hz and fan speed, f,,=30 Hz.

4 Characterization of the gust wind

This section describes the characterization of the experimental gust data. The
gusty wind speed, Ug", is fitted to a sinusoidal function, Ug"

UF = Asin(at +¢). @)

where A is the amplitude, o= the angular frequency and ¢ the phase .

It has been observed that the experimental data of the hot-wire measurements
of the fluid flow, namely the velocity, closely follows a sinusoidal waveform. By
the application of the Matlab program’s data curve fitting option, the measured
hot-wire’s velocity data, Uc", have been fitted to the sinusoidal form, Ug". The
experimental and fitted data of the test with configuration C,, rotating gate chord,
Tge =380 mm, nominal gust frequency, ng =8 Hz and fan speed, f,, =30 Hz, are
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plotted in fig. 5. The fitted experlmental data parameters (A, w, ¢, f F=w/2m)),
are listed in the table 2, together with f (measured by an optical Iaser sensor)
and regression parameter, R%. The results are discussed in section 7.

Table 2: Results of fitting the hot-wire measured data, U™, to a sinusoidal
function, U™, according to eqn. (2) with fan speed, f,, =30 Hz.

Al o ® | g
[m/s] | [mis] | [rad/s] | [HZ] | [Hz] | R?

2.07 | -013 | 14.74 | 2.00 | 2.35 | 0.97
2.02 | 3.49 | 25.71 | 4.00 | 4.09 | 0.98
1.89 | -0.02 | 38.91 | 6.00 | 6.20 | 0.98
1.63 | 1.28 | 48.20 | 8.00 | 7.70 | 0.99

- Ug UE Gate position

Velocity m/s

<

o1 . T1 [1]

0 0.2 0.4 0.6 0.8 1
t[s]

Figure 5: Plot of the hot-wire measured velocity, U, curve fitted function
eqn. (2), Ug", and rotating gate position (1: fully open, 0:closed) as
a function of time [s] in unsteady flow with configuration C,,
rotating gate chord, Ty =380 mm, nominal gust frequency, ng =8
Hz and fan speed, f;,,=30 Hz.

5 Theoretical correction factor for Pitot tube measurements
in unsteady fluid flow

In this section, a theoretical correction term, T, to the Pitot tube measurements
in unsteady flow (Pratt [3]) is presented. A general schematic diagram of the
Pitot tube with geometrical parameters is shown in fig. 2b. From the potential
flow theory (Meseguer and Sanz-Andres [6], Batchelor [7]) the pressure
correction term, T, and the simulated Pitot tube pressure, Puwa, (from the hot-
wire velocity pressure, quwa, With correction term T,) can be defined as

: 1
Te=p, UEF Xeprs Bawa = U E Xepr Epa (UE (t))zn (3)
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l ) .
qHWA=EPa(UEF(t))2, Ug = Asin(at +¢), Ug = Aocos(at + ), (4)

where U¢" is the fitted data of the unsteady fluid flow velocity, Ug", p, is the air
density, T the correction term, x.pr the geometrical distance between total and
static pressure measuring points (shown in fig. 2(b)). PT™ is the Pitot tube
measured pressure difference. The plot of, Guws, Prwa, PTEY are plotted in fig. 6.
Results are discussed in section 7.

o Oppa e pTEM Phwa Gate positionl

Pressure difference [Pa]
Pressure difference [Pa]

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
t[s] t[s]
@): f'=2Hz. (b): f" =4 Hz.
| L ——y PLwa — Gate pgsmonl | Qowa pTEM Prwa Gate position

30

Pressure difference [Pa]
Pressure difference [Pa]
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©) " =6 Hz @) fN=8Hz

Figure 6: Plot of the Guw, PTE™ and Pwa and gust generating gate position
(1: is fully open, 0: closed)(xepr = 0.06 m) varies with time function
t[s],in configuration C,, with rotating gate chord, Tg. =380 mm,
nominal gust frequency, ng =[2, 4, 6, 8 Hz] and fan speed, f, =
30 Hz (i.e. mean flow speed is 5 to 6 m/s).

5.1 The influence of the static pressure geometrical distance

From the results of the section 6, it is observed that the proposed correction term,
T, is suitably correcting the Pitot tube measured pressure up to the nominal gust
frequency is fg: = 4 Hz (figs. 6(a) and 6(b)). But it fails if the nominal gust
frequency is fy" > 4 Hz (fig. 6(c) and 6(d)).

To study this problem and check the suitability of the proposed correction
term, T, a new experimental setup (fig. 7) was proposed. In a uniform, unsteady
flow, a static pressure tap was placed at the wind tunnel test section-2 base wall,
at different horizontal distances from the total pressure measuring tube nose. The
static pressure measuring point positions were, Xer = —10, =5, 0, and 5 cm.
Experimental data were recorded and the suitability of the correction term, T
were analyzed. Results are plotted in fig. 8. Results are discussed in section 7.
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Figure 7:  Schematic diagram experimental setup of the Pitot tube and hot-
wire probe in test section.
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Figure 8: Plot of the Guw, PTE™ and Pwa and gust generating gate position
(1: is fully open, 0: closed) (Xepr = —10, =5, 0, 5 cm) varies with
time function t[s],in configuration C,, with rotating gate chord, Ty
=380 mm, nominal gust frequency, f," = 8 Hz and fan speed, f, =
30 Hz (i.e. mean flow speed is 5 to 6 m/s).

6 Unsteady flow effects on the semi-circular cylinder

The results of the measurements performed about the unsteady flow around a
semi-circular cylinder are presented in this section, together with a simple
mathematical model that can help to analyse the results and to explain some of
their characteristics. The model includes both steady and non-steady terms, with
the objective of evaluating the relevance of the unsteady effects with regard to
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the quasi-steady loads. The experimental setup is shown in the fig. 3. In the
experimental setup, the semi-circular cross section cylinder is placed
perpendicular to the mean flow direction. The fluid flow can be considered as 2D
close to the mean section of the cylinder, where the pressure taps are placed.

6.1 Analysis of the steady flow case

The effects of the steady flow on the pressure field of the semi-circular cylinder
are presented in this section. Let us consider the steady flow as a 2D potential
flow around the circular cylinder. The static-pressure referenced coefficient at
tap P, (referenced to the mean flow speed in the test section) is defined as
(Clancy [9]),

Cpel = plqpe| q:%/?aur%v: ®)
where p; is the pressure at tap 1, p. is the static pressure of the flow, q is the
velocity pressure, Uy, the mean value of the flow velocity, Ug, and p, the air
density. The values of the pressure coefficients can be, Cpe; = —1.5, -2, -3 as far
as the flow can be assumed as laminar, turbulent or just completely potential
(meaning without detachment in the leeward side (Meseguer and Sanz-Andres
[6], Roshko [8])). The static-pressure referenced coefficient at tap P, (assuming
that at P4, it is the base pressure, constant in the near wake of the body) is
assumed as,

Cpea :%;—0.5, (6)

from the well-known experimental data (Roshko [8]).
6.2 Pressure coefficients referenced to the total pressure

As in an unsteady flow it would be very difficult to measure the static pressure
(it is not constant along the flow and change with time).The data obtained from
the tests are the pressure differences between the pressure taps P;,Py and Py4,Py
(i.e. referenced to the pressure of tap Py which measures the stagnation pressure).
For convenience, let py be the stagnation pressure of the incoming flow speed Ug.
The data obtained from the experiments, the stagnation-pressure referenced
coefficients at the pressure taps P, and P, are denoted as, Cpo1, Cpos and defined as,

P4 —Po PL— Po

c =—" = C =
p04 q pOl q

Q= %Pau r%v- )

6.3 Analysis of the unsteady flow case

The two dimensional potential flow of an incoming uniform stream, Ug, around a
circular cylinder can be described by using the complex potential formulation in
the classical form (Meseguer and Sanz-Andres [6], Batchelor [7]),

f(r):UE[T-ﬁ-RZJ, (8)
T
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where 7 = X + iz is the complex variable and R is the radius of the cylinder. The
velocity on the cylinder surface (7 = Re"g) is given by

V= 1-c,,Ucsind=k U.sing, 9)

where k, = /1-¢C,, = /3, or 2. k,Ug is the maximum velocity which is measured

at pressure tap P;. The pressure is given by the Euler-Bernoulli equation for
unsteady potential flow (Meseguer and Sanz-Andres [6], Batchelor [7]),

1
£+EU§+¢[:C(t), (10)

where C (t) is uniform all along the fluid field, ¢ can be obtained from eqn. (8)
¢ =Re[f (1)]=U, Re[(Re" + Re )]
=2RU_ cosd = 2U.x,

(11)

where Re[] means the real part of the argument. From eqgns. (10) and (11) the
pressure field acting on the body is given by

k? .
£:C(t)— nUZsin®0-2U.x, (12)
Pa 2

where the U represents the derivative with time. At the stagnation point (6 = ,
x = -R) the pressure pq is

Po_c(t)+20,r (13)
Pa
From egns. (12) and (13) the pressure referenced to the stagnation pressure is
given by
- k? .
(Po=p)_ Z”Uésin2¢9+2UE(R+x). (14)
Pa
Experimentally measured stagnation-pressure referenced coefficients, cEpm
and cEp04 are calculated from the measurements (p; — po) and (ps — po) respective-
-ly as follows,

e _ Pi—P cE = Py — P cE _0.5ané _Ué (15)

Coor = , = ) = = .
Pt 0.5p,U2 P 05pU " e 05p UL U2

a— mv a~ mv

cEqHWA is the velocity pressure obtained from hot-wire measurements and
dimension less with the reference velocity pressure. The theoretical predictions
for the stagnation —pressure coefficients, taking in to account an unsteady
incoming speed Ug (t), from the egns. (7) and (14)

U2 U.R
Cat :—Uf[k: +4 UEé J (16)

mv
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u? U.R
c;04:—UZE{(1—cp64)+4(1+ kq) UEZ } @an

mv E

where Ky is the dimensionless position of the detachment point of the fluid flow,
placed at x = x4 = Rky (kg <1) in steady flow case, Ug is the unsteady fluid flow
velocity as a time function in m/s, and U, represents the derivative with reference

to time (U, =Uf ) eqgn. (4).

6.4 Empirical estimation of the k,,and ky4

The empirical parameters ky, and kg, can be used to fit the theoretical stagnation-
pressure referenced coefficients, chm and ch04 to the experimental results, cEpm
and cEp04. For estimating the k., and kyq values, the standard deviation of the
experimental results are used. The definition of the standard deviation, o, is

(18)

where N is the number of terms in the data vector, X the mean value of the vector
and x; the value of the vector at the position of i =0,1,2,3.. and x represents the
Cpo1 O Cpoa,

By using a Matalb program, with an initial value of the, ky , kg =0 and Cpes =
~0.5, the values of the 'y, C'poss 01 and oo are calculated by using eqn. (18).
These results are compared with the experimental results c%1, %04, 0501 and
S5 oa. The values of k,, and kg are in counted until the difference between, ¢'o; and
SFo1, and oo, and oFos are < 0.001.The values of k, and kq obtained are shown in
figs. 9 and 10.

-k, @ Ky
2 2
_________ ¥ @ —
_________ 15 @@
e =y
5 R g £
1.6 o
R - 05
1.4 o
0 2 4 6 8 2 4 6 8
N N
3 ra) 4 Hz)

Figure 9:  Variation of maximum Figure 10:  Variation of detachment

speed parameter, Kk, point parameter, kg,
with the nominal gust with the nominal gust
frequency f,". frequency f,".
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6.5 The influence of the unsteady flow

The stagnation-pressure referenced coefficients obtained from the theoretical
model are the summation of a steady and an unsteady flow terms egns. (16) and
(17). The steady flow terms (c"yo1s and, ¢'pos) and unsteady flow terms (¢’ oy
and, ¢ poqu) defined as follows

Uék: T Ué(l_cpetl)

C;ms == Urﬁv v Lpoas = T U;V , (19)
4U R 4(1+k,)U.R
C;cnu = U%* ;o4u = % (20)

In this way, it is possible to show the contribution of the unsteady terms.

Results of steady and unsteady flow theoretical terms, and experimental
measurements concerning stagnation pressure referenced coefficients are plotted
in fig. 11 and fig. 12. Results are discussed in section 7.

E T . . ] "
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Figure 11:  Plot of the c%ynwa, €01 C'pors C'poss and ¢y and gust generating
gate position (1: is fully open, 0: closed) varies with time function
t[s], in configuration C,, with rotating gate chord, Ty,=380 mm,
nominal gust frequency, ng =[2, 4, 6, 8 Hz] and fan speed, f,, = 40
Hz (i.e. mean flow speed is 6 to 7 m/s).
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Figure 12:  Plot of the cSyrwa, € poar € poss € poas and € poay and gust generating
gate position (1: is fully open, 0: closed) varies with time function
t[s], in configuration C,, with rotating gate chord, Ty,=380 mm,
nominal gust frequency, ng =[2, 4, 6, 8 Hz] and fan speed, f, =
40 Hz (i.e. mean flow speed is 6 to 7 m/s).

7 Discussions on results

= A gust wind tunnel has been built at (IDR/UPM), successfully equipped
with the new hardware (a gust generation frequency controller, hot-wire
anemometer probe).

= Pitot tube and hot-wire anemometer probe measurements are in close
agreement in the steady flow (fig. 4).

= The characterization of the gust wind as a sinusoidal variation has been
satisfactory (the regression coefficient, R? is close to 1). The gust frequency
inside the test section, ng, is similar to the nominal gust frequency, ng,
(shown in fig. 5 and table 2).

= In the case of uniform unsteady flow, the proposed correction term, T ,
gives a good approximation of the Pitot tube measured experimental values
up to a nominal gust frequency is, ng = 4 Hz (figs. 6 (a) and 6(b)). If the
nominal gust frequency is, ng > 4 Hz, the term T, gives no good correction
(figs. 6(a) and 6(b)), which could be due to other phenomena like internal
configuration of the Pitot tube (which needs further study).
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= In the case of uniform unsteady flow, the study of the influence of the static
pressure position along with the wind tunnel tesction-2 base wall shows
that, for all nominal gust frequencies ngS 8 Hz, with the experimental setup
(fig. 7), the phase of the correction is in the right side. if Xt value > 0, the
correction amount is a bit excessive (fig. 8(d)), if xepr value =0 then no
correction is required (fig. 8(c)) and if x.pr Value<0 the correction amount is
enough to simulate the Pitot experimental measurements.

= In the case of the flow around a semi-circular cylinder placed in the wind
tunnel test section, in steady flow (f;= 0 Hz), the experiments (Navarro-
Medina [2]) proposed that the values of k,= 1.73 and ky = 0. But as gust
frequency increases these values fails to fit the satisfactory experimental
and the theoretical results. The empirical method is developed an estimation
of the k, and kg values, which allows a better agreement between
experimental and theoretical predications.

= As shown in figs. 9 and 10, the empirical parameters k, and ky values
changes as a function of nominal gust frequency, ng.

= For all the nominal gust frequency range tested 0 < ng <8 Hz, the
theoretical predictions are in good agreement with the experimental results.
The unsteady terms correctly contributes to the good fitting (figs. 11 and
12). The amount of this term is not negligible for nominal gust frequency
fy >4 HZ.

8 Conclusions

In this paper, some results concerning the velocity and pressure measurements in
unsteady flow performed in a gust wind tunnel, have been presented. The gust
flow in the wind tunnel employed (developed at IDR/UPM) has been
characterized, showing a nearly sinusoidal velocity variation with time.
Concerning the unsteady effects the relevance correction term for unsteady flow
measuring instrument (Pitot tube) has been obtained. A theoretical model has
been developed based on potential flow theory, which helps to explain the
contributions of the unsteady flow in the case of a semi-circular cylinder.

The theoretical model presented efficiently allows to analysing the steady and
unsteady flow terms with various frequencies of the uniform gusty winds.
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