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Objects of the experiment
B To verify the total pressure remains constant

Verifying the
Bernoulli equation

— measuring with a pressure
sensor and CASSY

B To verify that the product of the cross-section and the square root of the dynamic pressure is constant

B To verify the Bernoulli equation

Fig. 1: Bernoulli equation schematically: cross sectional areas A
and A4, flow velocity v, and v, static pressure po and p;

Principles

Bernoulli’s law states the relationship between static pressure
p and flow velocity v, whereby the following applies to a fric-
tionless, horizontally flowing stream through a stationary flow
between two points labeled with indices 0 and 1 (Fig. 1):

P

po"'%VS:pﬁ'EVf 0]

Po, p1: static pressure
Vo, V1. flow rate

p: density of the flow medium

In particular, equation () states that the total pressure pi: has
the same value everywhere:

p, + % vZ =p,, = const (D)

In the experiment described here, air flows through a wind
tunnel whose cross-section decreases progressively in the
direction of flow. Due to the incompressibility of air (which can
always be assumed at the given flow rates) the flow velocities
Vo and v; at two different locations in the wind tunnel with
cross-sectional areas Ap and A; are given by the continuity

equation:
Vo Ag =V, A (continuity equation) (1

The Bernoulli's equation (Il) allows to eliminate v, in equation
(). By rearranging we obtain:

\/A_p'A1=\/§'Vo'Ao (V)

with
AP =P — Py V)
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Apparatus Setup
LWING TUNNE e Assemble the wind tunnel and the fan as shown in Fig 2.

1 Suction and pressure fan
1 Pressure head .........ccoceevvieeeiniiiennnne
1 Measurement trolley ...........cccvvveeeeeinniiinienn.

1 Sensor CASSY ..o
or
1 POCKEt CASSY ...

with

R OF NI 2 Y- |« FO 524 200
or

1 Mobile-CASSY ... 524 009

1 Pressure sensor S, = 70 hPa.......ccccccovvuneenen. 524 066

additionally required: 1 PC with Windows 98 or higher

The dynamic pressure Ap is determined by measuring the
pressure difference. The cross-sections are stated at the
various measuring points in the wind tunnel.

Safety notes

Mind the safety notes in the instruction sheet of the suction
and pressure fan.

Before removing the protective grid or the nozzle:

M pull out the mains plug
M wait for at least 30 seconds until the rotor comes to a
complete stop.

Fig. 2: Experimental setup with Sensor CASSY schematically.

Insert in the fan into the outlet nozzle so that the air is drawn
through the wind tunnel during the experiment. Ensure a
clearance of approx. 1 m in front of the suction nozzle and
behind the fan so that the air can be drawn into the wind
tunnel without any turbulence.

- Mount the smoothing screen on the inlet.

- With the aid of the four screws secure the Bernoulli ramp
underneath the plexiglass canopy so that the ramp height
increases in the direction of flow.

- Mount the sealing strip (included in the equipment for the
wind tunnel) on the sliding rails.

- Guide the pressure probe carefully bent section first,
through the foam rubber seal of the sealing strip and se-
cure the trolley.

- Push the probe down fully to the stop so that it reaches a
position approx. 2 cm higher than the highest point of the
ramp.

- Plug the pressure sensor S, £ 70 hPa to the Input A of the
Sensor CASSY (Fig. 2) or to the Mobile CASSY (Fig. 4).

- Connect the total pressure probe by means of a hose to
the nipple (left side) of the pressure sensor.

- Connect the static pressure probe by means of a hose to
the nipple (right side) of the pressure sensor

\
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Carrying out the experiment Sensor Input Settings

a) Measuring with Sensor CASSY

- If not yet installed install the software CASSY Lab and el Fiessiie Sansara 7 bee B2 IR Close
open the software. Quantity: | Felative Fressure pag v |

- Open the window “Settings” using the tool box button #l or Delste
function key F5 from the top button bar: Meas. Range: | -21hPa.. 2.1 hPa v

Help
H.:‘ CASSY Lab Record Measured ¥ alues

() Instantaneous Yalues

ﬁ @ $ D & @ E G).i\.n-eleiged\-"alues } @ms Carrect

- Sensor CASSY with the connected pressure sensor S at
“Input A” should be displayed at the tab “CASSY” if Sensor
CASSY is connected via the USB port to the computer.

Zera Paint

O Left (%) Middle ) Right

!
J‘l’\.
]

Settings E|
CASSY | Parameter/FormulaFFT | Modeling | Comment | General
Tw - Connect the pressure sensor S to the pressure probe.
- Set the blower to its minimum speed (i.e. left limit position
- of blower control) and only then switch it on.
: - Slowly increase speed of the air blower until the desired
5299 speed is reached.
LD 524 010 )
- Click on the button Bl and select “Manual Measurement”.
[ Update Setup Click on & channel to activate.
Measuring Parameters [‘5_<|
=
() Automatic Fecording

(%) Manual Recording
[ Append Mew Meas. Series

- Activate the connected sensor at Input A by clicking at the

pressure sensor S. | Cese | [ Hep

Note: Further details about connecting sensors to Sensor
CASSY can be found in the manual “CASSY Lab Quick

Start” - To define a parameter A for the cross-section in CASSY

Lab use the tool box button &l or function key F5 to open
the window “Settings”. Select the tab “Parame-
etk : e x] ter/Formula/FFT”

éelﬁaaf o--ani mé; E . « P
o it - Select new Quantity and enter the name “cross section”.

=)

0] g iia = ]

EASS‘K; Pararneter/Fomula/FFT \ blsplap' Mudellwﬁg [ EUFHI‘HE!’.]l 'E‘éﬂ&lai
par= 0.1 hPa .
e e el Select Quantity: Iclnss section “| [ Hew Quartity ] [ Delete Quantity ]
L e
() - - Properties
N [ ey vy R
Wass Tirge] NP o1 = | D | () Constant [Manual Entry in Display or Here] } {-—---—-;’Tg
g ST ———— |'—_* (&) Parameter (Manual Entry it T able or Here) —l
: -t 35 [ © Fomula {time.date.ntphll=
T 0 I
e [0 |
1D =m0 R .
| = T G (5 = () Derivation over Time (O Intearal over Time () Fast Fourier Transformation }me ‘—l
- YT e s v
() Mean Yalue over HD_|| v | O Histogram (4= 1 ‘] —
|| A e Lo Symbok (& | Unt w2 | Fom[0 wd  Te[002 |m?  DesinalPlees 4 |
l
oy —— Mo k. 100 (4% [T Tagom 3
:::':“::":I it i L T Close ] [ Display Measuring Parameters ] [ Load Example
i (N e A — L Rttt
[ it e B Cimssasessemeal ) Cohirc s ! ! ]

© by LD Ddact: b, 13900 2008

- In the window “Sensor Input Settings” select “Averaged ~ - Enter the symbol "A” and the “m”2".
Values” and enter the value, e.g. “800 ms”. - Enter appropriate values for the range, e.g. “0.014" m/s?

and “0.022" m/s® and enter “3” for decimal places.
- Select the measurement range to “-2.1 hPa ... 2.1 hPa".

- After the “new quantity” cross section the “standard dis-
play” can be changed to plot the pressure difference (i.e.
dynamic pressure) as function of the cross section A.

- Disconnect the pressure sensor S from the pressure
probe.

- Set the pressure sensor by clicking in the window “Sensor
Input Settings” at the button “-> 0 <-*.
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- To change the standard display in CASSY Lab use the tool
box button Bl or function key F5 to open the window “Set-
tings”. Select the tab “Display”.

.EAS!.S.Yi Palametel!Fﬁlmu\a/Fi’T: Display Modeling Cemment | General

Select Display: ;Standald ball

Reofiis: Y-Axes:
[OF] @y
O [oF,
O (@&
Q1 [SRFT
Ologx Clogy

1 Palar [JBars

I Close J [ Display Measuring Parameters ] [ Load Example

- Select the quantity cross section A as x-axis (and the pres-
sure pAl as y-axis).

- Place the measurement trolley at with end of the pressure
head at the position F.

- To record a value click on the button §| or use the function
key F9.

- Enter the corresponding cross section 0.015 m? in column
A of the table (left side of CASSY Lab window).

- Repeat the measurement for the positions “A” to “E”.

Note:
The measurement may be repeated for different fan speeds.

To apply the rest button “-> 0 <-* for the pressure sensor the
window “Sensor Input Settings” have to be invoked if not
open. This can be achieved e.g. by clicking the right mouse
button on the pressure button in the top menu bar.

b) Measuring with Mobile CASSY

- Switch on the Mobile CASSY with the [ key.

- Call the main menu using the key.

. Select the submenu “Quantities” by using the arrow keys

or ﬂ and enter the submenu using the right [ - | key.

- Go to the submenu “p” using the right [ - | key.

- Chose “Compensate Offset” and set the pressure to zero
by pushing the right [ - ] key.

- Press key and then the left [ - | key to display the
measured pressure value.

- Place the measurement trolley at with end of the pressure
head at the position F.

- Read off the pressure difference.

- Repeat this measurement procedure several times and
calculate the mean average. It is recommended to com-
pensate the offset before each measurement.

- Repeat the measurement for the positions “A” to “E”.

Note: For further hints using Mobile CASSY refer to the in-
struction sheet 524 009.

Measuring example
a) Measuring with Sensor CASSY

"4 CASSY Lab - Bernest.ramp_01

cpRa o R 4 B
Staredwd

A/ m?| pay / hPal i ]

0.020 0.533

0019 0571

0018 0.672

0.017 0.722 -

0016 0.771

0.015  0.892 -
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aiw

A= OO0 P, = Q50N il © by LD Didacte (i, 19609 2008

Fig. 2: Pressure difference as function of cross section A. The solid
line corresponds to a fit of a hyperbola.

b) Measuring with Mobile CASSY

Table 1: Pressure difference Ap (mean average over 5 meas-
urements) at the positions A to F.

. A Ap
position o hPa
A 0.020 0.533
B 0.019 0.571
C 0.018 0.672
D 0.017 0.722
E 0.016 0.771
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Fig. 4: Experimental setup with Mobile CASSY schematically.

Evaluation and results
a) Measuring with Sensor CASSY

- To define a parameter for the flow velocity use the tool box
button &/ or function key F5 to open the window “Settings”.
Select the tab “Parameter/Formula/FFT”

- Select new Quantity and enter the name “flow velocity”.

Cassy | Parameter/Forula/FFT :D‘wsp\ay Modelling E.UFHI'HEﬂl Génera\

Select Quantity: | flow velocity | [ Mew Quantity I { Delete Quantity ]

Properties
() Constant [Manual Entry in Display or Here] -
() Parameter (tManual Entry in Table or Here) }
() Formula [time. date .t péd A, old)=

[sar (2p1 1.26)

() Derivation over Time () Integral over Time () Fast Fourier Transtormation } e

= St v
O MeanValue over |10 ||s v O Histogram [£=]1 | :

Symbol iv Uni -mfs . From: 05 mis To:i_1 5 |ms DecimalP\aces:éé .

[ Clase I

- Select “formula” and enter the formula for the flow velocity
“sqr(2 * pA1/1.26)"

- Enter the symbol “v” and the “m/s”.

- Enter appropriate values for the range, e.g. “0.5” m/s? and
“1.5” m/s? and enter “2” for decimal places.

I Display Measuring Parameters I [ Load Example ]

- For plotting v as a function of A define a new display. Click
on the tool box button B or function key F5 to open the
window “Settings”. Select the tab “Display”.

- Click on the button “New Display” and enter a name, e.g.
“flow velocity”.

- Select the quantity “A” as x-axis and the pressure pAl as
y-axis.

"4 CASSY Lab - Bernesi.-ramp_12

08

T T T T T T T T T T 1
oo s oote on? ame ams 0w am ang
alw
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Fig. 5: Flow velocity v as a function of the cross section A for two
different speeds of the fan. The solid lines correspond to a fit
of hyperbolas in accordance with equation (1V).

- To define a parameter for volume flow use the tool box
button Bl or function key F5 to open the window “Settings”.
Select the tab “Parameter/Formula/FFT”

- Select new Quantity and enter the name “volume flow”.
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Setting: %]

CASSY| Paramsten/Fomula/FFT | Display | Modeling | Comment | General]

Select Quantity: |volume fliaw w \ [ Mew Quantity J [ Delete Quantity ]
Properties
() Constant (Manual Entry in Display or Here]
. } s
() Parameter [Manual Entry in Table o Here) —

(%) Formula [time.date.ritpd] A v old)=

= |
() Derivation over TII‘I:_E Ol_nlEgrEI over Time () Fast Fourier Tlanfl_umw_almm } e —v
O Mean Yalue over |10 [s \q O Histogram (2= |1 I ] |—|
Symbol: |J | Unit: !;"é;s From: ;-U_-| mdhs To }E-D_‘!__I m*/s  Decimal Places: 15
[ Close ] [ Display Measuring Parameters ] I Load Example ] [ Help I

- Select “formula” and enter the formula “v*A”
- Enter the symbol “J” and the “md/s”.

- Enter apgropriate values for the range, e.g. “0” m/s? and
“0.4” m/s” and enter “2” for decimal places.
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Fig. 6: Volume flow J as a function of the cross section A for two

different speeds of the fan. The solid lines correspond to the
mean average in accordance with continuity equation (ll).

b) Measuring with Mobile CASSY

Table 2: Flow velocity v and volume flow J evaluated from the
pressure difference Ap of table 1 at the positions A to F.

osition v 1
P m/s m3/s
A 0.92 0.018
B 0.95 0.018
C 1.03 0.019
D 1.07 0.018
E 1.11 0.018

The flow velocity v = |22P

increases with decreasing cross-

section A. The volume flow J = v-A is constant over the entire
decreasing cross-sectional area. Thus the predictions based
on the Bernoulli’'s equation (1) are verified qualitatively.

Supplementary information

Additionally, the total pressure can be measured along the
progressively decreasing cross section. Therefore the hose is
connected to the total pressure head only as shown in Fig. 7.

Fig. 7: Experimental setup for measuring the total pressure with
Mobile CASSY (a) or Sensor CASSY (b).

The result of the measurement is depicted in Fig. 8. The
measurement verifies that the total pressure remains con-
stant over the entire measurement section.
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Fig. 8: Total pressure as function of the cross section A. The solid
line corresponds to the mean value.

When the static pressure head is connected to the pressure
sensor S:
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Fig. 9: Static pressure as function of the cross section A. The static
pressure increases with decreasing cross section.
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