
Experiment 2
Jet Pump


Author: Brian Cohen
Student Number: 100962083
Email: briancohen@cmail.carleton.ca
Group Number: 12


Date Experiment Preformed: March 16, 2016
Date Handed in: March 23, 2016

TA: Bradley Jung

Group Members:
McKenzie Dorn
Christina Brennan 




Summary:
The purpose of this experiment is to analyze how air flow behaves through a jet pump. The experimental and theoretical static pressures and velocities at the outlet of a jet pump were found and compared for two trials. During this experiment it is assumed that the flow was 1D, frictionless, steady flow and that air is incompressible fluid. 
Nomenclature:
	Symbol
	Definition

	A
	Cross-Sectional Area (

	
	Static pressure coefficient of the jet pump (-0.045)

	
	Dynamic pressure coefficient of the jet pump (0.93)

	F
	Force (N)

	g
	Acceleration due to gravity (9.81 )

	h
	Height of the water in the taps (m)

	m
	Mass flow rate (kg/s)

	P
	Pressure (Pa)

	
	Atmospheric Pressure (101325 Pa)

	q
	Dynamic Pressure (Pa)

	Q
	Volumetric flow rate ()

	V
	Velocity ()

	
	Density of air (1.2)

	
	Density of water (1000)


Table 1: Definition of Symbols
	Subscript
	Definition

	C1
	Denotes the position of C1 seen in figure 1

	C2
	Denotes the position of C2 seen in figure 1

	Dynamic
	Specifies dynamic pressure

	Inlet, in
	Denotes the position at the inlet

	o, outlet, out
	Denotes the position at the outlet

	P
	Denotes variables of the primary stream

	S
	Denotes variables of the secondary stream

	Stagnation
	Specifies stagnation pressure

	Static
	Specifies static pressure

	#
	Denotes a location at the numbers tap


Table 2: Definition of subscripts


Flow Analysis:
1) Determining the velocity and static pressure at the outlet of the mixing section theoretically.
Part 1: Obtaining values for initial velocities, pressures, and flow rates.

The first step in analysing the control volume is to determine the initial pressures and velocities of the inlet, both primary and secondary flows.
To find the initial pressures of the primary flow one outside the bell mouth, , and one near the nozzle, , using pressure variation in an incompressible fluid.
 	(1)
	(2)
To find the Velocity of the primary outlet, , the definition dynamic pressure coefficient is used to obtain the dynamic pressure. Using dynamic pressure the primary velocity can be found.
		
Rearranging the equation for dynamic pressure, q, yields:
	(3)
	Dynamic pressure can also be stated as:
	(4)
Combining equations 3 and 4 and rearranging for:
		(5)

The primary pressure, is found using the definition of the static pressure coefficient:

Rearranged to solve for:
		(6)
To obtain the volumetric flow rate of the primary flow, the following equation is used.
	(7)
Where the area,  , can be expressed as:
	(8)

To find the Static pressure, of the secondary flow pressure variation in an incompressible fluid is used.
		(9)
The secondary flow velocity can determined using the Bernoulli equation:

This equation relates two points along a streamline starting at the first pressure tap and ending far away from the apparatus. Both points are at the same height so the hydrostatic terms cancel out. As well the velocity at the point far from the apparatus goes to zero. Cancelling all the appropriate terms and rearranging to solve for  yields:
		(10)
To obtain the volumetric flow rate of the secondary flow, the following equation is used.
	(11)
Where the area,  , can be expressed as:
	(12)

Part 2: Finding the predicted velocity and static pressure at the outlet
To find the predicted velocity at the outlet the continuity equation is applied:

A few simplifications can be made in this circumstance. The mass is assumed to be constant so that term cancels out. The flow is steady state so the term varying with time cancels out. It is assumed that the flow is 1D and that density is constant through the system. These simplifications yield:
		(13)
Combining with equations 7 and 11:

And rearranging to find:
			(14)
To find the static pressure at the outlet linear momentum is applied:

Some simplifications can be made to the above equation. The flow is steady so the term with respect to time cancels out. It is also assumed that the flow is 1D enabling the integral to become a sum. The density is assumed to be constant. The forces applied on the control system consist of the pressures applied on the inlets and outlet. Vreff is in the same direction and is stable so it can be expressed as V. Finally the VA term can be represented as Q. These simplifications yield the new equation:

Rearranging for  gives the equation:
 	(15)
Where  can be expressed as:
	(16)
Part 3: Determining the velocity and static pressure at the outlet of the mixing section experimentally.

The experimental static pressures can be found using pressure variation in an incompressible fluid. Each tap has a different change of height with respect to a reference height under atmospheric pressure. The static pressure at the outlet is approximately that at the last tap, 17.

	(17)

The experimental velocity can be determined using the equation for dynamic pressure, . Dynamic pressure is found using the equation for stagnation pressure. Stagnation pressure is calculated using pressure variation in an incompressible liquid. These equations are shown as follows:
	(18)
	(19)
	(20)
Combining equations 19 and 20 and rearranging for  an equation for velocities at the different pilot tubes in the rake can be formed.
	(21)
4) Checking experimental data for internal consistency.

As shown in equation 13 continuity must be obeyed when considering flow rates. Due to the constant density, the mass flow rate in should equal the mass flow rate out. 

		(22)

	(23)
Experimental Setup and Procedure:
Procedure: please reference lab manual, no changes were made to the procedure outlined in the lab manual [1]
Experimental Setup:
[image: ]
Figure 1: Experimental Setup Jet Pump
Results and Discussion: 
The raw data collected in this experiment is located in appendix A, Sample equations are located in appendix B and the tabulated data is located in Appendix C.

Part 1:
There were two trials performed during this experiment. In the first the flow was much slower compared to the second trial. The theoretical velocity at the outlet of the first trial was calculated to be 27.83 m/s, compared to the experimental value measured at the pilot tube of the rake closest to the center of the cross sectional area of the mixing tube which was 31.32 m/s. The second trial had a theoretical outlet velocity of 34.26 m/s compared to the experimental measurement of 35.02 m/s. These results are plotted in Figures 3 and 4 and will be discussed in part 3. 
A static pressure at the outlet was also calculated theoretically and measured experimentally. In the first trial the theoretical value was 101729.6 Pa, compared to the measured value of 101501.58 Pa. The theoretical value in the second trial was found to be 101623.9 Pa compared to the experimental measurement of 101393.67 Pa. These results are plotted in Figure 2 and will be discussed in part 2.
Part 2:
The static pressure change along the mixing tube of both trials I, as well as the theoretical static pressures at the outlet of the mixing tube were plotted in Figure 2. For both trial the experimentally measured pressure was relatively close to the theoretical pressure, but were lower. The low difference would suggest that the pressure rise was predicted well. The difference between the experimental and theoretical results can be accounted for by the assumptions used in the theoretical calculations. It was assumed that the mass flow rate of the inlet was equal to the mass flow rate of the outlet in order to simplify the continuity equation (eq 13). In reality friction on the walls of the mixing tube will decrease the mass flow rate at the outlet, causing a higher theoretical static pressure at the outlet than the measured value. As flow rate increases it is expected to have more friction on the walls of the mixing tube because more material passes over the surface of the walls. This can be seen in Figure 2 as the flow with a higher flow rate, the second trial has a greater flow rate than the first trial. As flow rate increases so will the difference between calculated and measured static pressures. Both trials level off towards the end of the plot, suggesting that the mixing tube is long enough for both flows. 
Figure 2: Static Pressure along the Mixing Tube
Part 3:
The measured outlet velocity distribution as a function of radius was plotted for both trials in Figures 3 and 4. The assumption of uniform flow was satisfied fairly well in both trials. Both velocities follow a parabolic trend, with the first trial having a slightly more dramatic change. In the first trial the predicted outlet velocity and the measured velocities had a greater distance between them then compared to trial 2, where the predicted velocities are relatively close to the predicted velocity line. A maximum value is located at the center of the mixing tube. The further from the center of the mixing tube the radii get the smaller the velocities become. At the point closest to the wall in both plots the velocities are furthest from the predicted velocities. The assumption that the no-slip condition does not exist at the walls is a function of flow rate. As flow rate is increased the velocity profiles vary more due to the increased effect of friction on the fluid.

Figure 3: Outlet Velocity as a Function of Radius (Trial 1)

Figure 4: Outlet Velocity as a Function of Radius- OUT trial


Part 4:
To check the accuracy of the experiment the theoretical and measured mass flow rates were compared. The theoretical mass flow rate is consistent through the tube, equal to the mass flow rate of the inlet. The experimental mass flow rate was found by integrating the expression of velocity in terms of radius found in Figures 3 and 4. It was found that trial 1 had an experimental value of 0.1523 kg/s and a theoretical value of 0.1498kg/s yielding a percent error of 1.64%. Trial 2 had an experimental value of 0.1875 kg/s and a theoretical value of 0.1761 kg/s yielding a percent error of 6.08%. The low percent error shows that the flow rates agree well. The percent error is due to the fact that the flow is frictionless. In actuality the friction on the walls of the mixing tube can decrease the mass flow rate.

Conclusions:	
[bookmark: _GoBack]The theoretical values for static pressure in both trials were found to be higher than the experimental values due to the assumption of frictionless flow. There were also differences with the velocity at the outlet due to the assumed 1D velocity profile which was in fact parabolic due to friction. The low percent errors obtained in this experiment suggest that the assumptions made were a good representation of the realistic flow, however this can only be concluded for these particular flow rates. At higher flow rates it is expected that the error increases significantly as friction has a greater effect on larger flow rates.

References:
[1] MAAE2300 Fluid Mechanics 1 LABORATORY EXERCISES, Carleton University Mechanical and Aerospace Engineering department, January 2010.









Appendix B:
Sample Calculations trial 1:
Finding static pressures:


Finding velocity of primary stream:





Finding pressure of primary stream:




Finding volumetric flow rate of the primary stream:






Finding the secondary velocity:





Finding the predicted velocity at the outlet

	




Finding static pressure at the outlet


 	

101729.60 Pa
Finding the velocity experimentally
	
	



Mass flow rate


V(r) = -6263r2 + 64.754r + 31.81
















Appendix C: Data


Table 1: Static Measurements of Trial 1


Table 2: Static Measurements of Trial 2


	Table 3: Stagnation Pressure Measurements of Trial 1


Table 4: Stagnation Pressure Measurements of OUT Trial


Table 5: Distance of Static Pressure Taps



Table 6: Distance of Pilot Tube Taps from Radius

Table 7: All Calculated Results
Outlet Velocity as a Function of Radius for Trial 1 

trial 1 Velocities 	
3.7194999999999999E-2	3.4145000000000002E-2	3.1095000000000001E-2	2.8045E-2	2.4995E-2	2.1944999999999999E-2	1.8894999999999999E-2	1.5844999999999998E-2	1.2794999999999997E-2	9.7449999999999967E-3	6.694999999999997E-3	3.6449999999999972E-3	5.9499999999999744E-4	-2.4550000000000023E-3	-5.5050000000000021E-3	-8.5550000000000018E-3	-1.1605000000000001E-2	-1.4655000000000001E-2	-1.7705000000000002E-2	-2.0755000000000003E-2	21.4	24.92	26.82	28.01	28.59	29.16	29.71	30.26	30.79	31.32	31.32	31.32	31.32	31.32	31.32	31.32	30.79	30.79	30.26	Predicted Velocities	3.7194999999999999E-2	3.4145000000000002E-2	3.1095000000000001E-2	2.8045E-2	2.4995E-2	2.1944999999999999E-2	1.8894999999999999E-2	1.5844999999999998E-2	1.2794999999999997E-2	9.7449999999999967E-3	6.694999999999997E-3	3.6449999999999972E-3	5.9499999999999744E-4	-2.4550000000000023E-3	-5.5050000000000021E-3	-8.5550000000000018E-3	-1.1605000000000001E-2	-1.4655000000000001E-2	-1.7705000000000002E-2	-2.0755000000000003E-2	27.83	27.83	27.83	27.83	27.83	27.83	27.83	27.83	27.83	27.83	27.83	27.83	27.83	27.83	27.83	27.83	27.83	27.83	27.83	Distance from Radius (m)


Velocity (m/s)





Trial 2 Velocities 	
3.7194999999999999E-2	3.4145000000000002E-2	3.1095000000000001E-2	2.8045E-2	2.4995E-2	2.1944999999999999E-2	1.8894999999999999E-2	1.5844999999999998E-2	1.2794999999999997E-2	9.7449999999999967E-3	6.694999999999997E-3	3.6449999999999972E-3	5.9499999999999744E-4	-2.4550000000000023E-3	-5.5050000000000021E-3	-8.5550000000000018E-3	-1.1605000000000001E-2	-1.4655000000000001E-2	-1.7705000000000002E-2	-2.0755000000000003E-2	27.12	29.99	31.58	32.6	33.1	33.590000000000003	34.07	34.549999999999997	35.020000000000003	35.479999999999997	35.020000000000003	35.020000000000003	35.020000000000003	34.78	34.549999999999997	33.83	33.340000000000003	33.1	32.6	Predicted Velocities 	3.7194999999999999E-2	3.4145000000000002E-2	3.1095000000000001E-2	2.8045E-2	2.4995E-2	2.1944999999999999E-2	1.8894999999999999E-2	1.5844999999999998E-2	1.2794999999999997E-2	9.7449999999999967E-3	6.694999999999997E-3	3.6449999999999972E-3	5.9499999999999744E-4	-2.4550000000000023E-3	-5.5050000000000021E-3	-8.5550000000000018E-3	-1.1605000000000001E-2	-1.4655000000000001E-2	-1.7705000000000002E-2	-2.0755000000000003E-2	34.26	34.26	34.26	34.26	34.26	34.26	34.26	34.26	34.26	34.26	34.26	34.26	34.26	34.26	34.26	34.26	34.26	34.26	34.26	



Static Pressure Along the Mixing Tube  

Trial 1 Pressure 	0	5.0799999999999998E-2	0.1016	0.15240000000000001	0.20319999999999999	0.254	0.30480000000000002	0.35560000000000003	0.40639999999999998	0.4572	0.50800000000000001	0.55879999999999996	0.60960000000000003	0.66039999999999999	0.71120000000000005	0.76200000000000001	0.81279999999999997	101266.84	101069.94	101050.32	101079.75	101109.18	101128.8	101148.42	101217.09	101246.52	101315.19	101423.1	101462.34	101481.96	101501.58	101501.58	101501.58	101501.58	Trial 2 Pressure	0	5.0799999999999998E-2	0.1016	0.15240000000000001	0.20319999999999999	0.254	0.30480000000000002	0.35560000000000003	0.40639999999999998	0.4572	0.50800000000000001	0.55879999999999996	0.60960000000000003	0.66039999999999999	0.71120000000000005	0.76200000000000001	0.81279999999999997	101148.42	100912.98	100893.36	100952.22	100971.84	100991.46	101030.7	101089.56	101168.04	101246.52	101295.57	101334.81	101344.62	101364.24	101364.24	101383.86	101393.67	Trial 1 predicted pressure 	0	5.0799999999999998E-2	0.1016	0.15240000000000001	0.20319999999999999	0.254	0.30480000000000002	0.35560000000000003	0.40639999999999998	0.4572	0.50800000000000001	0.55879999999999996	0.60960000000000003	0.66039999999999999	0.71120000000000005	0.76200000000000001	0.81279999999999997	101729.60000000001	Trial 2 Predicted Pressure 	0	5.0799999999999998E-2	0.1016	0.15240000000000001	0.20319999999999999	0.254	0.30480000000000002	0.35560000000000003	0.40639999999999998	0.4572	0.50800000000000001	0.55879999999999996	0.60960000000000003	0.66039999999999999	0.71120000000000005	0.76200000000000001	0.81279999999999997	101623.9	Displacement of Taps (m)


Static Pressure (Pa)




image2.emf
Tap # Height (mm)Static Pressure(Pa(g))

1 124 -58.16

2 144 -255.06

3 146 -274.68

4 143 -245.25

5 140 -215.82

6 138 -196.2

7 136 -176.58

8 129 -107.91

9 126 -78.48

10 119 -9.81

11 108 98.1

12 104 137.34

13 102 156.96

14 100 176.58

15 100 176.58

16 100 176.58

17 100 176.58


Microsoft_Excel_Worksheet2.xlsx
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		Tap #		Height (mm)		Static Pressure(Pa(g))

		1		124		-58.16

		2		144		-255.06

		3		146		-274.68

		4		143		-245.25

		5		140		-215.82

		6		138		-196.2

		7		136		-176.58

		8		129		-107.91

		9		126		-78.48

		10		119		-9.81

		11		108		98.1

		12		104		137.34

		13		102		156.96

		14		100		176.58

		15		100		176.58

		16		100		176.58

		17		100		176.58






image3.emf
Tap # Height(mm)Static Pressure (Pa(g))

1 134 -176.58

2 158 -412.02

3 160 -431.64

4 154 -372.78

5 152 -353.16

6 150 -333.16

7 146 -294.3

8 140 -235.44

9 132 -156.96

10 124 -78.48

11 119 -29.43

12 115 9.81

13 114 19.62

14 112 39.24

15 112 39.24

16 110 58.86

17 109 68.67


Microsoft_Excel_Worksheet3.xlsx
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		Tap #		Height(mm)		Static Pressure (Pa(g))

		1		134		-176.58

		2		158		-412.02

		3		160		-431.64

		4		154		-372.78

		5		152		-353.16

		6		150		-333.16

		7		146		-294.3

		8		140		-235.44

		9		132		-156.96

		10		124		-78.48

		11		119		-29.43

		12		115		9.81

		13		114		19.62

		14		112		39.24

		15		112		39.24

		16		110		58.86

		17		109		68.67






image4.emf
Tap # Height (mm)Stagnation Pressure (Pa(g))Velocity (m/s)

1 86 451.26 21.4

2 76 549.36 24.92

3 70 608.22 26.82

4 66 647.46 28.01

5 64 667.08 28.59

6 62 686.7 29.16

7 60 706.32 29.71

8 58 725.94 30.26

9 56 745.56 30.79

10 54 765.18 31.32

11 54 765.18 31.32

12 54 765.18 31.32

13 54 765.18 31.32

14 54 765.18 31.32

15 54 765.18 31.32

16 54 765.18 31.32

17 56 745.56 30.79

18 56 745.56 30.79

19 58 725.94 30.26
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		Tap #		Height (mm)		Stagnation Pressure (Pa(g))		Velocity (m/s)

		1		86		451.26		21.4

		2		76		549.36		24.92

		3		70		608.22		26.82

		4		66		647.46		28.01

		5		64		667.08		28.59

		6		62		686.7		29.16

		7		60		706.32		29.71

		8		58		725.94		30.26

		9		56		745.56		30.79

		10		54		765.18		31.32

		11		54		765.18		31.32

		12		54		765.18		31.32

		13		54		765.18		31.32

		14		54		765.18		31.32

		15		54		765.18		31.32

		16		54		765.18		31.32

		17		56		745.56		30.79

		18		56		745.56		30.79

		19		58		725.94		30.26
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Tap # Height (mm)Stagnation Pressure (pa(g))Velocity(m/s)

1 78 510.12 27.12

2 68 608.22 29.99

3 62 667.08 31.58

4 58 706.32 32.6

5 56 725.94 33.1

6 54 745.56 33.59

7 52 765.18 34.07

8 50 784.8 34.55

9 48 804.42 35.02

10 46 824.04 35.48

11 48 804.42 35.02

12 48 804.42 35.02

13 48 804.42 35.02

14 49 794.61 34.78

15 50 784.8 34.55

16 53 755.37 33.83

17 55 735.75 33.34

18 56 725.94 33.1

19 58 706.32 32.6
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		Tap #		Height (mm)		Stagnation Pressure (pa(g))		Velocity(m/s)

		1		78		510.12		27.12

		2		68		608.22		29.99

		3		62		667.08		31.58

		4		58		706.32		32.6

		5		56		725.94		33.1

		6		54		745.56		33.59

		7		52		765.18		34.07

		8		50		784.8		34.55

		9		48		804.42		35.02

		10		46		824.04		35.48

		11		48		804.42		35.02

		12		48		804.42		35.02

		13		48		804.42		35.02

		14		49		794.61		34.78

		15		50		784.8		34.55

		16		53		755.37		33.83

		17		55		735.75		33.34

		18		56		725.94		33.1

		19		58		706.32		32.6
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Tap # Displacement of tap(m)

1 0

2 0.0508

3 0.1016

4 0.1524

5 0.2032

6 0.254

7 0.3048

8 0.3556

9 0.4064

1 0.4572

11 0.508

12 0.5588

13 0.6096

14 0.6604

15 0.7112

16 0.762

17 0.8128


Microsoft_Excel_Worksheet6.xlsx
Sheet1

		Tap #		Displacement of tap(m)

		1		0

		2		0.0508

		3		0.1016

		4		0.1524

		5		0.2032

		6		0.254

		7		0.3048

		8		0.3556

		9		0.4064

		1		0.4572

		11		0.508

		12		0.5588

		13		0.6096

		14		0.6604

		15		0.7112

		16		0.762

		17		0.8128

				0.8636
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Tap # Distance from Radius(m)

1 0.037195

2 0.034145

3 0.031095

4 0.028045

5 0.024995

6 0.021945

7 0.018895

8 0.015845

9 0.012795

10 0.009745

11 0.006695

12 0.003645

13 0.000595

14 -0.002455

15 -0.005505

16 -0.008555

17 -0.011605

18 -0.014655

19 -0.017705
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		Tap #		Distance from Radius(m)

		1		0.037195

		2		0.034145

		3		0.031095

		4		0.028045

		5		0.024995

		6		0.021945

		7		0.018895

		8		0.015845

		9		0.012795

		10		0.009745

		11		0.006695

		12		0.003645

		13		0.000595

		14		-0.002455

		15		-0.005505

		16		-0.008555

		17		-0.011605

		18		-0.014655

		19		-0.017705
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Result  Trial 1  Trial 2

Pc1 108427.44 110605.26

Pc2 101266.14 101148.42

q 6660.44 8794.86

Vp 105.36 12107

Pp 100943.88 100899.45

Qp 0.0409 0.1093

Ap 3.88*10^-43.88*10^-4

Ps 101069.94 100912.98

Vs 20.62 26.19

Qs 0.086 0.1093

As 0.004172 0.004172

Ao 0.00456 0.00456

Vo 27.83 34.26

Po 101729.6 101623.9

Mact 0.1523 0.1875

Mtheo

%error
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