CE 319F, Elementary Fluid Mechanics
Momentum Laboratory

Name
 Date
 Lab time

Air Flow around a Bend

1) Determine the volumetric flow rate and the average velocity in the bend.  To apply the momentum equation for steady flow through the bend, it is necessary to know the inflow and the outflow velocities.  Since size of the bend is constant, the cross sectional average velocity is constant.  The accel​eration comes primarily from changing the direction of the velocity, not from changing its magni​tude.  The flow rate can be determined by using the contracting nozzle above the elbow as a flow meter.  One piezometer (#13 on the manometer board) is attached to the plenum chamber (pc, Fig. 1) and another one (#14) is attached at the downstream end of the contraction (in).   Since the pressure change is very small, the air may be assumed to be incompressible.  Then, continuity gives 

	 EMBED Equation.3  
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Bernoulli’s equation may be applied along a streamline from pc to in since the effects of shear stress are negligble in this short distance with rapid acceleration of the flow.  Thus, 
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	Fig. 1 - Contracting Nozzle for Measuring Q
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For this apparatus, 
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Procedure:

a) Read the piezometers for pc and in and then convert those readings into a pressure difference.

h14 = hin = _________ cm

h13 = hpc =  _________ cm

ppc - pin = (hpc - hin)/100 cm/m = 9810(hin - hpc)/100 = _________ Pa
b) Read the air temperature and atmospheric pressure, and then calculate the air density.

Taair = _________ oC = _________ K

paair = mm Hg ( Hg/(1000 mm/m) = _______________ mm Hg ( (13.55(9810)/1000 


= _______________ Pa
Rair = 287 J/(kg K)
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c) Calculate the velocity at the inlet cross section, and then calculate the volumetric flow rate.  For this cross section, the area is rectangular with a width (B) of 100 mm or 0.1 m and a depth (D) of 50 mm or 0.05 m.
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Q = (VA)in= _______________ (0.05(0.10) = _______________ m3/s

2) Determine the pressures around the bend and calculate the z (vertical) component of the net pressure force.  The air flow through a 90o bend develops pressure distributions as illustrated in Fig. 2.  There is also a pressure at the inflow section (in).  The pressure at the outlet is atmospheric.  The resultant force from these distributed pressures is the force that accomplishes the Eulerian convective acceleration to move the flow around the bend.  These pressures can be measured with the piezometers attached to the piezometer taps shown in Fig. 3.  Tubes go from piezometer taps to the tops of the tube on the multiple-tube, air-water manometer board.  The bottoms of all of the manometer tubes are connected to the same constant head reservoir.  When the piezometer tap has a high pressure, as on the outside of the bend, the water level in the manometer tube is pushed down.  A low pressure pulls the water level up from its equilibrium position.  In Fig. 3, Aa, Ac, Ad, and Af are the areas for the flat sections at the entrance and exit of the bend.  Ab and Ae are the areas of the curved sections.  


Using the bend shown in Fig. 3 as the control volume, using the coordinate system in Fig. 3, and assuming that the shear forces are negligible because of the short flow lengths, integration of the pressure around the control surface gives Rx as 
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where dA on the circular arcs is Brd since rd is the arc length and the subscript p indicates the force that is determined from pressure measurements.  This equation assumes that all of the pressures on the outside of the bend are positive while all on the inside of the bend are negative, so that the x component of the force on each subarea is positive (in the positive x direction based on the coordinate system).  Piezometer 2 gives approximately the average pressure on the straight vertical sections.  Similarly, piezometer 8 gives approximately the average pressure on the straight horizontal sections.  Thus, Rz is 
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Fig. 2 - Pressure Distributions around Bend


Fig. 3 - Pressure Distributions around Bend


The integrals on the curved surfaces can be evaluated numerically using the pressures measured with the piezometers.  For example, for Rz, the integrand is p(sin), which is to be integrated with respect to .  The pressure will be measured at five know  values.  In general, p(sin) is a function of , as illustrated for five measured values in Fig. 4.  The integral is the area under this curve.  Since the shape of the curve between the measurement points is not known, the curve will be approximated by a series of straight line segments and the area found by a trapezoidal approximation (Fig. 5).  Then, 

Fig. 4 - Actual Integrand


Fig. 5 - Straight Line Approximation for the Integrand
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For constant  (/8 for this integration),
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This trapezoidal approximation to the integral will be called z with zo referring to the integral on the outside of the bend and zi referring to the inside of the bend.  Then, 
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Procedure:

a) Read a piezometer that is open to the atmosphere to get the reference reading (hatm) to which the other manometer readings will be compared.  One of the tubes may be temporarily disconnected from the top of the manometer board to read hatm.  

hatm = _______________ cm

b) Read the piezometers that are connected to the outside of the bend and calculate zo.  Also, determine the pressure at 8o.  Then calculate the part (Rzo) of the force that is due to the pressures on the outside of the bend.

	Piezom​eter
	h

(cm)
	hatm - h

(cm)
	p

(Pa)
	

(rad)
	sin
	coef
	(coef)p(sin)
(Pa)

	3o
	
	
	
	0
	0
	0.5
	0

	4o
	
	
	
	/8
	0.383
	1.0
	

	5o
	
	
	
	/4
	0.707
	1.0
	

	6o
	
	
	
	/8
	0.924
	1.0
	

	7o
	
	
	
	/2
	1.000
	0.5
	

	zo = 
	
	
	
	
	
	
	

	8o
	
	
	
	
	
	
	


p = (hatm - h)/100 with h in cm and  = 9810 N/m2.  Thus, p = 98.1(hatm - h).
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= 
N

c) Read the piezometers that are connected to the inside of the bend and calculate zi.  Also, determine the pressure at 8i.  Then calculate the part (Rzi) of the force that is due to the pressures on the inside of the bend.

	Piezom​eter
	h

(cm)
	hatm - h

(cm)
	p*
(Pa)
	

(rad)
	sin
	coef
	(coef)p(sin)
(Pa)

	3i
	
	
	
	0
	0
	0.5
	0

	4i
	
	
	
	/8
	0.383
	1.0
	

	5i
	
	
	
	/4
	0.707
	1.0
	

	6i
	
	
	
	/8
	0.924
	1.0
	

	7i
	
	
	
	/2
	1.000
	0.5
	

	zi = 
	
	
	
	
	
	
	

	8i
	
	
	
	
	
	
	

	pin
	
	
	
	
	
	
	


*The pressures on the inside of the bend are negative, but the force from the pressures is positive.

p = (hatm - h)/100 with h in cm and  = 9810 N/m2.  Thus, p = 98.1(hatm - h).
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= 
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= 
N

d) Calculate the total force from the pressures. 

Rzp = Rzo + Rzi 

Rzp = 
N
3) Determine the force from the momentum equation.  The z component of momentum equation for steady flow with essentially a constant velocity on the inflow and outflow areas is
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where w is the z component of velocity and the subscript m indicates the force calculated from the momentum equation.  The pressure force from pin is negative since the pressure is positive (acting in compression, which is down or in the negative z direction).  Notice that the signs of the pressure and the pressure force are independent of each other.  The signs of pressures depend on whether the pressure is acting in compression or in tension while the signs of force components come from the coordinate system.  

Procedure:

a) Get the values for pin, , Vin, and Q from Step (1).  

b) Ain = B(ro - ri) = 0.10(0.05) = 0.005 m2.

c) Calculate Rzm from 
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Rzm = 
N

d) Calculate the percent different in Rzm and Rzp from 
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Note:  Due to the small differences in the manometer readings, the fluctuating levels in the manometers that make it difficult to read the manometers, and the air leaks in the apparatus, the difference in the two determinations of Rz may be on the order of 10%.  If the difference is significantly larger than 10%, then an error was probably made in the readings or the calculations.  

Jet DEFLECTORS

1) Compare the measured force on a flat vane with the calculated force from the momentum equation.  

Procedure:

a) Install the flat vane.

b) Set the weight (WC) at the zero position on the weighing arm above the deflector vane (Fig. 5.3 of the lab handout).  The position of the weight is indicated by the line around the middle of the weight.  Then, adjust the spring ("tare weight," FT) so that the weighing arm is horizontal, i.e., so that all of the weights are balanced by the spring.  In the figure below, WA is the weight of the horizontal arm and the deflector vane, and FH is the force in the hinge.  Taking moments about the hinge gives xTFT - xCWC - xAWA = 0.


c) Start the flow and adjust it to the desired flow rate.  

d) Slide the weight along the weighing arm to bring the arm back to the horizontal position.  Read the position and call it L1.  

L1 = _______________ mm = _______________ m

Using the figure below where RJ is the force from the jet on the vane and again taking moments about the hinge, xTFT - (xC + L1)WC - xAWA + xJRJ = 0.  Subtracting the moment equation from part (b) above gives L1WC + xJRJ = 0 or RJ = L1WC/xJ.  


e) Calculate the force of the jet (RJ) on the vane by taking moments about the pivot.  The distance from the pivot to the zero reading on the scale on the weighting arm is xJ = 150 mm or 0.15 m.  The weight has a mass of 0.6 kg.  The weight is 0.6 kg multiplied by the gravitational acceleration (9.81 m/s2), which gives 5.89 N.

RJ = L1WC/xJ
RJ = 5.89L1/0.15RJ 

RJ = _______________ N

f) Measure the flow rate by determining the mass of water (M) captured in the weighing tank in a measured time interval (t).   Then calculate the flow rate from Q = (M/)/t = /t.  

M2 = _______________ kg (final)

M1 = _______________ kg (initial)

M = _______________ kg

t   = _______________ s
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g) Calculate the velocity (Un) of the jet leaving the nozzle.  The diameter of the nozzle is 10 mm, giving an area of 7.854(10-5 m2.  
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h) Use Bernoulli’s equation to calculate the velocity (Uv) of the jet hitting the deflector vane.  The distance between the end of the nozzle and the deflector vane when the weighing arm is horizontal is 35 mm or 0.035 m.  The pressure is zero for the jet leaving the nozzle and hitting the deflector vane.
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Uv = _______________ m/s

i) Calculate the force (Rm) from Eq. 5.3 in the lab handout with  = 0 for the flat vane.

Rm = UvQ = 1000(_______________)(_______________) = _______________ N

j) Calculate the percent different in Rm and RJ from 
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This difference should be about 10% or smaller.

2) Compare the measured force on a hemispherical vane with the calculated force from the momentum equation and with twice the force for the flat vane.  

Procedure:

a) Install the hemispherical vane.

b) Set the weight at the zero position on the weighing arm above the deflector vane (Fig. 5.3 of the lab handout).  The position of the weight is indicated by the line around the middle of the weight.  Then, adjust the spring (tare weight) so that the weighing arm is horizontal, i.e., so that the all of the weights are balanced by the spring. 

c) Start the flow and adjust it to the same flow rate (same valve settings) as used for the flat vane.  

d) Slide the weight along the weighing arm to bring the arm back to the horizontal position.  Read the position and call it L1.  

L1 = _______________ mm = _______________ m

e) Calculate the force of the jet (RJ) on the vane by taking moments about the pivot.  The distance from the pivot to the zero reading on the scale on the weighting arm is xJ = 150 mm or 0.15 m.  The weight has a mass of 0.6 kg.  The weight is 0.6 kg multiplied by the gravitational acceleration (9.81 m/s2), which gives 5.89 N.

RJ = L1WC/xJ
RJ = 5.89L1/0.15 

RJ = _______________ N

f) Measure the flow rate by determining the mass of water (M) captured in the weighing tank in a measured time interval (t).   Then calculate the flow rate from Q = (M/)/t = /t.  

M2 = _______________ kg (final)

M1 = _______________ kg (initial)

M = _______________ kg

t   = _______________ s
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g) Calculate the velocity (Un) of the jet leaving the nozzle.  The diameter of the nozzle is 10 mm, giving an area of 7.854(10-5 m2.  
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h) Use Bernoulli’s equation to calculate the velocity (Uv) of the jet hitting the deflector vane.  The distance between the end of the nozzle and the deflector vane when the weighing arm is horizontal is 35 mm or 0.035 m.  The pressure is zero for the jet leaving the nozzle and hitting the deflector vane.


[image: image25.wmf](

)

)

81

.

9

(

2

U

035

.

0

)

81

.

9

(

2

    

          

g

2

U

035

.

0

g

2

U

g

2

U

p

z

g

2

U

p

z

2

v

2

2

v

2

n

v

2

n

2

+

=

+

=

÷

÷

ø

ö

ç

ç

è

æ

+

g

+

=

÷

÷

ø

ö

ç

ç

è

æ

+

g

+

 

Uv = _______________ m/s

i) Calculate the force (Rm) from Eq. 5.3 in the lab handout with  = -90o or sin = -1 for the hemispherical vane.

Rm = UvQ(1 - sin) = 1000(_______________)(_______________)2

      = _______________ N

j) Calculate the percent different in RJ and Rw from 
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This difference should be about 10% or smaller.

k) Calculate the percent different in 2RJflat and RJhemisp.  To account for any differences in the velocities for the two cases, scale RJhemisp by the ratio of the velocities squared since the force for this simple case is proportional to the velocity squared.
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This difference should also be 10% or less.
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