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SUMMARY
A simple, large-scale jet pump was used in which high-pressure shot air is used to pump compressed air drawn into the pump from the room. The objective of this experiment is to analyse the comparison between the measured and predicted performance of the jet pump device and to examine the validity of the simplifying assumptions made in the prediction. The experiment was performed to analyze an open-throttle system referred to as Flow 1 and a closed-throttle system referred to as Flow 2. The predicted values of the static pressures and velocities were found to deviate from the values of the calculated idealised model. The predicted pressures were found to be 101896.8 Pa(a) for Flow 1 and 102344.1 Pa(a) for Flow 2. The predicted velocities were found to be 17.2 m/s for Flow 1 and 19.3 m/s for Flow 2.

NOMENCLATURE
:  	Density of water (1000 kg/m3) 
: 		Density of air (1.2 kg/m3) 
g: 		Acceleration due to gravity (9.81 m/s2)
Patm:		Atmospheric pressure (101325 Pa)
Cq:		Dynamic pressure coefficient (0.93)
Cp:		Static pressure coefficient (-0.045)
Q: 		Volume flow rate (m3/s)
Vp:		Velocity of primary stream (m/s)
Vs:		Velocity of secondary stream (m/s)
Voutlet: 		Velocity at the outlet (m/s)
Ap:		Cross-sectional area of primary nozzle (m2)
As:		Cross-sectional area of secondary nozzle (m2)
Aoutlet:		Cross-sectional area of exit nozzle (m2)
Dp:		Diameter of primary nozzle (m)
Ds:		Diameter of secondary nozzle (m)
Doutlet:		Diameter of exit nozzle (m)
∆h:		Change in manometer height (m)
Pstagnation:	Stagnation Pressure (Pa)
Pstatic:		Static Pressure (Pa)
Poutlet :		Pressure at the outlet (Pa)
Pp:		Primary Pressure (Pa)
Ps:		Secondary Pressure (Pa)
PC1: 		Primary upstream pressure (Pa)
PC2:  		Primary down-stream pressure (Pa)

FLOW ANALYSIS
Stagnation and Static pressure due to static tap and pitot tube
The hydrostatic pressure equation was applied on different manometer readings to calculate the  static pressure for the open and closed throttle flows.
Patm + ρwaterghatm - ρwaterghstatic,i = Pstatic
Here hatm represents the height in the manometer column and hstatic,i is called the static head.
Rearranging the above equation introduces an equation which calculates the static pressure.
                                                     Pstatic = Patm + ρwaterg∆hstatic     	  [1]
Where ∆hstatic = hatm - hstatic,i is also known as the static head for the corresponding static tap.
Similarly by applying the hydrostatic equation the stagnation pressure was formulated as 
                                               Pstagnation = Patm + ρwaterg∆hstagnation  	[2] 
Where ∆hstagnation = hatm - hstagnation,i is also known as the stagnation head for the corresponding pitot tube.
Primary velocity and pressure
The primary velocity Vp, pressure upstream PC1 and the pressure downstream PC2 were found to have a relation with the dynamic pressure coefficient Cq and constant coefficient q as follows
Cq = 
q = 

Using these equations Vp was isolated to give equation 3.
                                                            Vp =  	 [3]
Similarly, the coefficient of static pressure was defined by equation 4.
	Cp =  	  [4]
Rearranging equation 4 to isolate Pp, the primary pressure was formulated as
                                                      Pp = PC2 + Cp(PC1 - PC2) 	[5]
Primary upstream and downstream pressure
The hydrostatic pressure equation was used to define equations 6 and 7 which calculates the primary upstream pressure PC1 and primary downstream pressure PC2.
                                                     PC1 = Patm + ρwaterg∆hU-tube 	[6]
                                                    PC2 = Patm + ρwaterg∆hstaticTap 	[7]
Equation 3 and 5 gave the primary state of the fluid entering the mixing tube.
Secondary pressure and velocity
The secondary static pressure of the fluid was measured due to change in the static head from the second static tap. It was calculated by implementing hydrostatic pressure equation for water column connected to static tap 2.
                                                    Ps = Patm + ρwaterg∆hstaticTap2 	[8]
The fluid was not entering through the secondary inlet at a constant velocity. It was varying significantly, therefore the velocity was calculated using Bernoulli's equation. It was assumed          to be a 1-D steady state friction less flow with no energy transfer. The streamline was chosen             in relation to a point just at the entrance of the mixing tube. This simplifies the equation as the initial velocity could be assumed to be zero and the pressure to be atmospheric pressure.
Patm + ρgh1 + ρV12 = Ps + ρgh2 +ρVs2

Since the streamline chosen was the same elevation, h1 = h2 and V1 = 0, giving
                                                            Vs =   	[9]
Velocity and pressure at the mixing tube outlet
A control volume was chosen to measure the predicted velocity and pressure at the outlet plane. The control volume was chosen from the entrance of the primary fluid to the plane just before the pitot rake tube. This control volume was chosen based on the assumption that there is no friction acting on the fluid.
In addition to steady state, it can also be assumed as an incompressible flow which means density of the fluid (ρair) does not change with time. This allows applying the continuity equation by equating the inlet volume flow rate to the outlet volume flow rate.
ApVp + AsVs = AoutletVoutlet
Where A is the cross-sectional area given by A = 
Using the above equation, the velocity at the outlet was isolated to give 
                                                            Voutlet =  	[10]
Linear momentum equation was used on the control volume to calculate the pressure at the outlet plane.
 =  - 
PpAp + PsAs - PoutletAoutlet = ρair(AoutV2out - ApV2p - AsV2s)
Equation 11 is introduced by isolating Poutlet, to calculate the pressure at the outlet of the control volume shown in Figure 1.
                                             Poutlet =  	[11]




EXPERIMENTAL SET-UP AND PROCEDURE

Refer to:   Schematic of Jet Pump on page 12 in MAAE2300 Fluid Mechanics I - Course Manual

[image: ]
Figure 1:  Experimental Setup for Jet Pump Apparatus
The lab was conducted as outlined in the procedure section on Page 13 in the MAAE 2300 Fluid Mechanics 1 – Course manual.
Results and Discussion
The primary pressure at the upstream and the downstream of the nozzle along with the pressure at the secondary flow was calculated using Bernoulli's equation. A few assumptions were made in order to apply Bernoulli's equation, such as 1-D steady state frictionless flow with no transfer of heat such as energy due to friction. It was also assumed to be an incompressible fluid which means density of the fluid does not change with time.
The absolute pressure at the upstream and downstream nozzle were calculated using equation 6 and equation7. The pressure at the upstream for open and closed throttle were 107112.9 Pa(a) and 110978.1 Pa(a) respectively. The pressure at the downstream for open and closed throttle were found to be 101226.9 Pa(a) and 101580.1 Pa(a) respectively. Using these values and the coefficient of dynamic pressure, the primary velocity and pressure was calculated using equation 3 and 5. For open throttle the primary pressure and velocity are 100962 Pa(a) and 95.52 m/s respectively. For the closed throttle, the primary pressure and velocity were calculated to be 101157.2 Pa(a) and 120.7 m/s. Please refer to the Appendix for all the sample calculation done for the analysis.
The secondary velocity was calculated using Bernoulli's equation where the streamline was chosen in relation to a point just at the entrance of the mixing tube. This simplifies the equation as the initial velocity could be assumed to be zero and the pressure to be atmospheric pressure. This introduced equation 9 which involved the secondary static pressure measured due to change in the static head from the second static tap given by equation 8. Using these equations, the secondary pressure and velocity were determined to be 101266.1 Pa(a) and 9.91 m/s for both open and closed throttle.  
The predicted values for the static pressures and velocities were calculated by introducing a control volume at the outlet plane. The control volume was chosen from the entrance of the primary fluid to the plane just before the pitot rake tube. This control volume was chosen based on the assumption that there is no friction acting on the fluid. The predicted values were calculated using equation 11 which was derived by applying continuity equation and linear momentum equation. For the derivation of this equation refer to the Flow Analysis. The predicted pressures and velocities were calculated to be 101896.8 Pa(a) and 17.3 m/s for the open throttle and for the closed throttle they were 102344.1 Pa(a) and 19.2 m/s. 
 The static pressure due to static taps present at an interval of 2 inches was calculated using equation 1. The stagnation pressure due to the stagnation head change in the pitot tube was calculated using equation 2. Please refer to Table 3 and Table 4 in the Appendix for the calculated data for open and closed throttle. To further analyse the data, the static pressure due to the static tap for both flows was plotted on the graph along with the predicted values.
Figure 2: Static Pressure distribution for Open and Closed Throttle

It can be observed from figure 2 that the static pressure varies along the tube. It can also be seen that the pressure tends to stabilize after the 11TH tap for the open throttle system giving a constant static pressure of 101795.9 Pa(a). This proves that the assumptions made in the analysis regarding 1-D was correct. It also proves that the length of the mixing tube was long enough to allow the two fluids to combine together, suggesting that the mixing process was complete by the end of the mixing tube. However, for the closed throttle system the pressure varies continuously  does not start to stabilize until the 15TH tap. This could be due to energy lost due to friction acting on the walls of the tube resulting in the formation of boundary layers. These boundary layers tends to grow bigger towards the centreline of the mixing tube introducing turbulence in the fluid. It also suggests that the mixing tube needs to be longer for the flow to stabilize and give a steady result.
It was found that both trials had deviation between their predicted values and measured values for static pressures. One significant reason could be due to friction caused between the walls of the jet pump and air which would affect the flow rate. It was assumed that the walls of the jet pump are frictionless, but it is difficult to obtain a frictionless surface practically. Also the Frictional forces could have accounted for the increase in static pressure in the second trial which would indicate a decrease in velocity.  
Figure 3: Velocity variation of the fluid along the radius of the mixing tube

 Figure 3 provides the velocity variation of the fluid along the radius of the mixing tube. As it can be seen, there is a significant change in the predicted velocity and measured velocity for both flows from 25 mm onwards. This is because the predicted velocity was calculated based on assumptions that the flow was one dimensional and uniform throughout the tube but it was observed from figure 3 that the velocity was not uniform throughout the tube. However, the velocity was steady for the first 25 mm for both flows and fairly close to the predicted values. This shows the velocity was uniform in the beginning but later started to deviate due to the secondary fluid entering the mixing tube with a relatively larger velocity than the primary causing the combined velocities to increase. This also explains the formation of boundary layers as frictional layers are caused along the wall of the mixing tube due to the viscous effects and viscosity of the fluid.
 Many sources of errors might have existed while performing the experiment. The major source of error is the human error in measuring the height of the manometer. Also the liquid in the manometer, static and pitot tubes were fluctuating with time and were not constant generating a possible experimental source of error. These kinds of human errors and experimental errors are expected and anticipated. In this experiment, precautions were not taken during calculation such as reading errors.
Conclusion
The Jet Pump experiment was used to observe the relationship between fluid pressures and velocities. Two different flow rates were analysed to observe how velocity and pressure changes with flow rate.  
Based on the data collected from the experiment, the assumptions made in the lab were found to be nearly accurate. For the open throttle system the pressure variation were found to be relatively stable while the closed throttle system took a longer time to follow a stabilized path. In both cases the assumptions made were accurate and a longer mixing tube would have allowed the flow from the closed system to stabilize faster. The assumption made to disregard the formation of boundary layers which tends to increase towards the centreline of the mixing tube was found to be incorrect. This concludes that boundary layers form in both the open and closed throttle system.
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APPENDIX
Data Tables
Table 1: Manometer, static pressure and pitot fluid height recorded for Flow 1 - Open Throttle.
	Flow 1

	Left of manometer
	Right of manometer
	∆hU-tube
(mm)
	∆hstaticTap
(mm)

	-298
	292
	590
	-10

	

	Tap
	Static (mm)
	Tap
	Pitot (mm)

	1
	130
	1
	71

	2
	126
	2 
	70

	3
	126
	3
	68

	4
	128
	4
	68

	5
	120
	5
	68

	6
	104
	6
	68

	7
	88
	7
	68

	8
	76
	8
	68

	9
	72
	9
	68

	10
	78
	10
	68

	11
	72
	11
	68

	12
	72
	12
	68

	13
	72
	13
	68

	14
	72
	14
	68

	15
	72
	15
	68

	16
	72
	16
	68

	17
	72
	17 
	68

	18 (Atm)
	120
	18
	68

	19 (Atm)
	120
	19
	68

	20 (Atm)
	120
	20 (Atm)
	129








Table 2: Manometer, static pressure and pitot fluid height recorded for Flow 2 - Closed Throttle.
	Flow 2

	Left of manometer
	Right of manometer
	∆hU-tube
(mm)
	∆hstaticTap
(mm)

	-500
	484
	984
	26

	

	Tap
	Static (mm)
	Tap
	Pitot (mm)

	1
	100
	1
	38

	2
	132
	2 
	36

	3
	132
	3
	34

	4
	132
	4
	33

	5
	134
	5
	32

	6
	122
	6
	32

	7
	94
	7
	32

	8
	65
	8
	32

	9
	51
	9
	32

	10
	44
	10
	32

	11
	44
	11
	30

	12
	42
	12
	30

	13
	41
	13
	31

	14
	41
	14
	31

	15
	40
	15
	30

	16
	40
	16
	31

	17
	40
	17 
	31

	18 (Atm)
	126
	18
	31

	19 (Atm)
	126
	19
	32

	20 (Atm)
	126
	20 (Atm)
	132










Table 3: Static and Stagnation Pressure Values for Flow 1 - Open Throttle
	Tap
	Static (mm)
	Height m (Static)
	P(static) gauge
	Pitot (mm)
	Height m (Pitot)
	P(stagnation) gauge

	1
	130
	-0.01
	101226.9
	71
	0.058
	101894.0

	2
	126
	-0.006
	101266.1
	70
	0.059
	101903.8

	3
	126
	-0.006
	101266.1
	68
	0.061
	101923.4

	4
	128
	-0.008
	101246.5
	68
	0.061
	101923.4

	5
	120
	0
	101325.0
	68
	0.061
	101923.4

	6
	104
	0.016
	101482.0
	68
	0.061
	101923.4

	7
	88
	0.032
	101638.9
	68
	0.061
	101923.4

	8
	76
	0.044
	101756.6
	68
	0.061
	101923.4

	9
	72
	0.048
	101795.9
	68
	0.061
	101923.4

	10
	78
	0.042
	101737.0
	68
	0.061
	101923.4

	11
	72
	0.048
	101795.9
	68
	0.061
	101923.4

	12
	72
	0.048
	101795.9
	68
	0.061
	101923.4

	13
	72
	0.048
	101795.9
	68
	0.061
	101923.4

	14
	72
	0.048
	101795.9
	68
	0.061
	101923.4

	15
	72
	0.048
	101795.9
	68
	0.061
	101923.4

	16
	72
	0.048
	101795.9
	68
	0.061
	101923.4

	17
	72
	0.048
	101795.9
	68
	0.061
	101923.4

	18
	120
	0
	101325
	68
	0.061
	101923.4

	19
	120
	0
	101325
	68
	0.061
	101923.4

	20
	120
	0
	101325
	129
	0
	101325












Table 4: Static and Stagnation Pressure Values for Flow 2 - Closed Throttle
	Tap
	Static (mm)
	Height m (Static)
	P(static) gauge
	Pitot (mm)
	Height m (Pitot)
	P(stagnation) gauge

	1
	100
	0.026
	101580.1
	38
	0.094
	102247.1

	2
	132
	-0.006
	101266.1
	36
	0.096
	102266.8

	3
	132
	-0.006
	101266.1
	34
	0.098
	102286.4

	4
	132
	-0.006
	101266.1
	33
	0.099
	102296.2

	5
	134
	-0.008
	101246.5
	32
	0.1
	102306.0

	6
	122
	0.004
	101364.2
	32
	0.1
	102306.0

	7
	94
	0.032
	101638.9
	32
	0.1
	102306.0

	8
	65
	0.061
	101923.4
	32
	0.1
	102306.0

	9
	51
	0.075
	102060.8
	32
	0.1
	102306.0

	10
	44
	0.082
	102129.4
	32
	0.1
	102306.0

	11
	44
	0.082
	102129.4
	30
	0.102
	102325.6

	12
	42
	0.084
	102149.0
	30
	0.102
	102325.6

	13
	41
	0.085
	102158.9
	31
	0.101
	102315.8

	14
	41
	0.085
	102158.9
	31
	0.101
	102315.8

	15
	40
	0.086
	102168.7
	30
	0.102
	102325.6

	16
	40
	0.086
	102168.7
	31
	0.101
	102315.8

	17
	40
	0.086
	102168.7
	31
	0.101
	102315.8

	18
	126
	0
	101325
	31
	0.101
	102315.8

	19
	126
	0
	101325
	32
	0.1
	102306.0

	20
	126
	0
	101325
	132
	0
	101325











Table 5: Measured and Predicted velocity of the fluid along the mixing tube for Flow 1 -Open Throttle
	Tap
	Stagnation Height Change (m)
	Radius along the centreline
(mm)
	Measured Velocity 
(m/s)
	Predicted Velocity
(m/s)

	1
	0.058
	52
	33.34
	17.2

	2
	0.059
	48.75
	32.60
	17.2

	3
	0.061
	45.5
	33.10
	17.2

	4
	0.061
	42.25
	33.59
	17.2

	5
	0.061
	39
	31.58
	17.2

	6
	0.061
	35.75
	27.12
	17.2

	7
	0.061
	32.5
	21.77
	17.2

	8
	0.061
	29.25
	16.67
	17.2

	9
	0.061
	26
	14.58
	17.2

	10
	0.061
	22.75
	17.63
	17.2

	11
	0.061
	19.5
	14.58
	17.2

	12
	0.061
	16.25
	14.58
	17.2

	13
	0.061
	13
	14.58
	17.2

	14
	0.061
	9.75
	14.58
	17.2

	15
	0.061
	6.5
	14.58
	17.2

	16
	0.061
	3.25
	14.58
	17.2

	17
	0.061
	0
	14.58
	17.2

	18
	0.061
	-3.25
	31.58
	17.2

	19
	0.061
	-6.5
	31.58
	17.2

	20
	0
	-9.75
	0
	17.2












Table 6: Measured and Predicted velocity of the fluid along the mixing tube for Flow 2 - Closed Throttle
	Tap
	Stagnation Height Change (m)
	Radius along the centreline
(mm)
	Measured Velocity 
(m/s)
	Predicted Velocity
(m/s)

	1
	0.094
	52
	33.34
	19.3

	2
	0.096
	48.75
	40.84
	19.3

	3
	0.098
	45.5
	41.24
	19.3

	4
	0.099
	42.25
	41.43
	19.3

	5
	0.1
	39
	42.02
	19.3

	6
	0.1
	35.75
	39.62
	19.3

	7
	0.1
	32.5
	33.34
	19.3

	8
	0.1
	29.25
	25.25
	19.3

	9
	0.1
	26
	20.22
	19.3

	10
	0.1
	22.75
	17.16
	19.3

	11
	0.102
	19.5
	18.08
	19.3

	12
	0.102
	16.25
	17.16
	19.3

	13
	0.101
	13
	16.17
	19.3

	14
	0.101
	9.75
	16.17
	19.3

	15
	0.102
	6.5
	16.17
	19.3

	16
	0.101
	3.25
	15.66
	19.3

	17
	0.101
	0
	15.66
	19.3

	18
	0.101
	-3.25
	40.64
	19.3

	19
	0.1
	-6.5
	40.44
	19.3

	20
	0
	-9.75
	0
	19.3












Sample Calculations
Calculating the static and stagnation pressure at the mixing tube outlet
· Flow 1
	From equation 1
Pstatic = Patm + ρwaterg∆hstatic     
Pstatic = 101325 Pa + (1000 kg/m3)(9.81 m/s2)(0.120 m - 0.130 m) = 101226.9 Pa(a)
	From equation 2
Pstagnation = Patm + ρwaterg∆hstagnation  
Pstagnation = 101325 Pa + (1000 kg/m3)(9.81 m/s2)(0.129 m - 0.071 m) = 101893.9 Pa(a)
· Flow 2
	From equation 1
Pstatic = Patm + ρwaterg∆hstatic     
Pstatic = 101325 Pa + (1000 kg/m3)(9.81 m/s2)(0.126 m - 0.100 m) = 101580.1 Pa(a)
	From equation 2
Pstagnation = Patm + ρwaterg∆hstagnation  
Pstagnation = 101325 Pa + (1000 kg/m3)(9.81 m/s2)(0.132 m - 0.038 m) = 102247.1 Pa(a)
Calculating primary upstream and downstream pressure
· Flow 1
	From equation 6
PC1 = Patm + ρwaterg∆hU-tube
PC1 = 101325 Pa + (1000 kg/m3)(9.81 m/s2)(0.590 m) = 107112.9 Pa(a)
	From equation 7
PC2 = Patm + ρwaterg∆hstaticTap
PC2 = 101325 Pa + (1000 kg/m3)(9.81 m/s2)(0.120 m - 0.130 m) = 101226.9 Pa(a)

· Flow 2
	From equation 6
PC1 = Patm + ρwaterg∆hU-tube
PC1 = 101325 Pa + (1000 kg/m3)(9.81 m/s2)(0.984 m) = 110978.1 Pa(a)
	From equation 7
PC2 = Patm + ρwaterg∆hstaticTap
PC2 = 101325 Pa + (1000 kg/m3)(9.81 m/s2)(0.126 m - 0.100 m) = 101580.1 Pa(a)
Calculating primary velocity and pressure
· Flow 1
	From equation 3
                                                            Vp = 
Vp =  = 95.52 m/s
	From equation 5
Pp = PC2 + Cp(PC1 - PC2)
Pp = 101226.9 Pa - 0.045(107112.9 Pa - 101226.9 Pa) = 100962 Pa(a)
· Flow 2
	From equation 3
                                                            Vp = 
Vp =  = 120.7 m/s
	From equation 5
Pp = PC2 + Cp(PC1 - PC2)
Pp = 101580.1 Pa - 0.045(110978.1 Pa - 101580.1 Pa) = 101157.2 Pa(a)
Calculating secondary pressure and velocity
· Flow 1
	From equation 8
Ps = Patm + ρwaterg∆hstaticTap2
Ps =101325 Pa + (1000 kg/m3)(9.81 m/s2)(0.120 m - 0.126 m) = 101266.1 Pa(a)
	From equation 9
Vs = 
Vs =  = 9.91 m/s
· Flow 2
	From equation 8
Ps = Patm + ρwaterg∆hstaticTap2
Ps =101325 Pa + (1000 kg/m3)(9.81 m/s2)(0.126 m - 0.132 m) = 101266.1 Pa(a)
	From equation 9
Vs = 
Vs =  = 9.91 m/s
Calculating the cross-sectional area of the primary nozzle
Ap = D2p
Ap = (2.22 x 10-2 m)2 
Ap = 3.88 x 10-4 m2


Calculating cross-sectional area of exit nozzle
Aoutlet = D2outlet
Aoutlet = (7.62 x 10-2 m)2
Aoutlet = 4.56  x 10-3 m2
Calculating cross-sectional area of secondary nozzle
As = (D2outlet - D2p) 
As = [(7.62 x 10-2 m)2 - (2.22 x 10-2 m)2] 
As = 4.17 x 10-3 m2
Calculating velocity and pressure at the mixing tube outlet
· Flow 1
	From equation 10
Voutlet = 
Voutlet =  = 17.2 m/s
	From equation 11
Poutlet = 
Poutlet = 
Poutlet = 101896.8 Pa(a)






· Flow 2
	From equation 10
Voutlet = 
Voutlet =  = 19.3 m/s
	From equation 11
Poutlet = 
Poutlet = 
Poutlet = 102344.1 Pa(a)






Variation of Velocity along the Radius of the Mixing Tube
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Velocity m/s of pitot
Static Pressure Variation due to Static Tap
Flow 1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	101266.14	101266.14	101246.52	101325	101481.95999999999	101638.92	101756.64	101795.88	101737.02	101795.88	101795.88	101795.88	101795.88	101795.88	101795.88	Flow 2	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	101266.14	101266.14	101266.14	101246.52	101364.23999999999	101638.92	101923.40999999999	102060.75	102129.42	102129.42	102149.04	102158.85	102158.85	102168.66	102168.66	Predicted pressure at the outlet for flow 1	2	16	101896.1	101896.1	Predicted pressure at the outlet for flow 2	2	16	102344.1	102344.1	Static Tap Number
Static Pressure (PA)
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