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Abstract 

 The momentum on an object depends upon the amount of mass hitting 

the object, the speed it travels, and the way it deflects off that object. In this 

experiment, three different objects were used: a flat plate, a cone, and a concave 

object. Each object was tested to see how the deflection of water caused by its 

shape might yield varying momentum forces. Three different flow rates were 

used to see how increasing the amount of mass hitting the object affects the 

force. Also, two different nozzle diameters were used to see how that might 

affect the momentum.  The experiment demonstrated that varying each of these 

parameters does yield differing momentum forces. As the flow rate increases, 

force also increases. As the diameter gets smaller, the velocity increases because 

of conservation of mass, and force increases. If the object deflects water at a 

larger angle than when it entered, the force increases.  

 The measured and theoretical forces on Cones 1 & 2 showed large 

discrepancies due to assuming the velocity and angle did not change as the 

water exited. Many assumptions were made at the beginning to make 

calculations easier. However, after considering how each assumption might 

have caused discrepancies between the theoretical and measured forces in the 

data for the Cones, it was found that the velocity actually decreases by about 

50% as it travels up the surface of the cone. Also, the angle increased by about 

.5° with each increasing L/min. A new equation was derived to account for these 

two parameters and the new theoretical data then matched the measured 

within tolerance. 

 

 



Results 

The variance of force on either of the three object shapes depends upon 

the shape of the object, the diameter of the nozzle, and the flow rate. Two 

different diameter nozzles, three different flow rates, and three different shapes 

were used as part of the experiment. As shown in Equation 1, the force created 

by the water on the object is dependent upon the volume flow rate, the 

diameter of the nozzle, and the angle at which the water deflects. As shown in 

Figure 1, with increasing flow rates of 2.4, 3.4, and 4.4 L/min, the force 

increased in a linear fashion. Equation 1 and 2, and the law of conservation of 

mass show that if the diameter of the nozzle decreased while maintaining the 

same flow rate, the force increased because it increases the velocity of the 

water. For example, at a flow rate of 3.4 L/min the force increased by 62% on 

the concave object switching from a 5.3mm to a 3.3mm diameter nozzle. Figure 

2 compares forces between these two diameters but using the same flow rate.  

Lastly, the force of the water was also dependent upon the shape of the object. 

The angle at which the water deflected was very influential on the overall force 

acting on the object. Equation 1 demonstrates that as the vertical angle 

increases, the force on the object increases. The water carries with it 

momentum and when that momentum is deflected away from the object, it 

results in a loss of force on the objects. Also, as shown in Equation 3 when the 

exit velocity increases, the overall force decreases.   

 

 

 

 



 

 

 

 

 

 

 

 

Figure 1: Graph representing how increasing volumetric flow rate increases the         

force on the object. 

 

 

 

 

 

 

 

 

 

Figure 2: Bar graph comparing the difference in force created by the water on 

the object with different diameters but same flow rate. 

 



 

 

 

 

 

 

Figure 3: Bar graph representing how the force created on the object is heavily 

dependent on its geometry while using a constant flow rate of 2.4 L/min 

 

 Using uncertainty analysis methods, random error was accounted for 

and it was found that with increasing flow rate, the percent error in this 

experiment declined as the flow rate increased. Using Taylor’s series expansion, 

the magnitude of the random errors that can occur during this experiment can 

be accounted for using Equation 4. Higher quality testing equipment would 

decrease the chance for random error, but because this type of equipment was 

not available, uncertainty analysis becomes even more useful. Table 1 & 2 show 

the data values for the measured and theoretical forces, the measured and 

theoretical uncertainties, and the measured and theoretical percent errors. The 

force reader provided a standard deviation which was multiplied by two to 

yield a 95% confidence interval, which represents the measured uncertainty. 

Using these values from Tables 1 & 2, error bars were added to the graphs in 

Figures 4-11. Random error is represented in these error bars, so hypothetically 

it is meant for the measured and theoretical to match up fairly close on the 

graphs. As shown in Figures 4,7,8, and 11, the Flat Plate and Concave measured 



Flow (L/min) Force (N) Uncertainty % error Force (N) Uncertainty % error

2.4 0.17 0.0476 28.0 0.1824 0.047 25.77

3.4 0.37 0.0468 12.64 0.366 0.069 18.72

4.4 0.61 0.048 7.87 0.613 0.092 14.99

Flow (L/min) Force (N) Uncertainty % error Force (N) Uncertainty % error

2.4 0.07 0.0282 40.28 0.0261 0.007 26.45

3.4 0.19 0.036 18.95 0.0525 0.01 19.65

4.4 0.38 0.0368 9.68 0.0878 0.014 16.14

Flow (L/min) Force (N) Uncertainty % error Force (N) Uncertainty % error

2.4 0.12 0.0158 13.17 0.0261 0.007 26.45

3.4 0.25 0.0244 9.76 0.0525 0.01 19.65

4.4 0.4 0.0262 6.55 0.0878 0.014 16.14

Flow (L/min) Force (N) Uncertainty % error Force (N) Uncertainty % error

2.4 0.26 0.0162 6.23 0.2785 0.072 25.71

3.4 0.55 0.0164 2.98 0.559 0.104 18.65

4.4 0.9 0.0206 2.29 0.9361 0.14 14.9
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and theoretical forces match up very closely to one another. However, Figures 5, 

6, 9, and 10 representing Cone 1 and Cone 2, show a large variety of error 

between measured and theoretical forces. It should be noted that not even the 

error bars overlap with one another.  

The volume flow rate portion of Equation 4 can help one understand the trends 

in percent error. As the graphs and tables show, as volumetric flow rate 

increased, the % error decreased by means of the volumetric flow rate being in 

the denominator in Equation 4. The only parameter changing in the data each 

graph represents is the flow rate.  The uncertainty increased because our forces 

are increasing due to the increase in volume flow rate. 

 

 

 

 

 

 

 

 

 

 

Table 1: This table represents the data for the theoretical and measured values 

using the small, 3.34mm diameter nozzle. 

 



Flow (L/min) Force (N) Uncertainty % error Force (N) Uncertainty % error

3.4 0.08 0.034 42.3 0.148 0.037 25.35

4.4 0.2 0.029 14.3 0.247 0.045 18.14

6.8 0.57 0.024 4.28 0.59 0.084 14.26

Flow (L/min) Force (N) Uncertainty % error Force (N) Uncertainty % error

3.4 0.04 0.026 66.0 0.021 0.005 26.06

4.4 0.1 0.039 39.2 0.035 0.007 19.11

6.8 0.31 0.057 18.52 0.085 0.013 15.49

Flow (L/min) Force (N) Uncertainty % error Force (N) Uncertainty % error

3.4 0.04 0.018 44.0 0.021 0.005 26.06

4.4 0.09 0.026 28.67 0.035 0.007 19.11

6.8 0.25 0.046 18.24 0.085 0.013 15.49

Flow (L/min) Force (N) Uncertainty % error Force (N) Uncertainty % error

3.4 0.16 0.025 15.75 0.225 0.057 25.29

4.4 0.34 0.018 5.41 0.377 0.068 18.06

6.8 0.94 0.024 2.53 0.902 0.0128 14.17
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Table 2: This table represents the data for the theoretical and measured values 

using the larger, 5.3mm diameter nozzle. 

 

 

 

 

 

 

 

 

Figure 4: Graph showing the measured and theoretical data of the force on a flat 

plate using 3 varying flow rates with a 3.34mm diameter nozzle. Notice how the 

error bars overlap. 



 

 

 

 

 

 

 

Figure 5: Graph showing the measured and theoretical data of the force on a 

cone using 3 varying flow rates with a 3.34mm diameter nozzle. Notice how the 

error bars do not overlap. 

 

 

 

 

 

 

 

 

Figure 6: Graph showing the measured and theoretical data of the force on cone 

2 using 3 varying flow rates with a 3.34mm diameter nozzle. Notice how the 

error bars do not overlap. 



 

 

 

 

 

 

 

Figure 7: Graph showing the measured and theoretical data of the force on the 

concave object using 3 varying flow rates with a 3.34mm diameter nozzle. 

Notice how the error bars overlap. 

 

 

 

 

 

 

 

 

Figure 8: Graph showing the measured and theoretical data of the force on the 

flat plate using 3 varying flow rates with a 5.36mm diameter nozzle. Notice how 

the error bars overlap. 



 

 

 

 

 

 

 

 

Figure 9: Graph showing the measured and theoretical data of the force on cone 

1 using 3 varying flow rates with a 5.36mm diameter nozzle. Notice how the 

error bars do not overlap. 

 

 

 

 

 

 

 

Figure 10: Graph showing the measured and theoretical data of the force on 

cone 2 using 3 varying flow rates with a 5.36mm diameter nozzle. Notice how 

the error bars do not overlap. 



 

 

 

 

 

  

Figure 11: Graph showing the measured and theoretical data of the force on the 

concave object using 3 varying flow rates with a 5.36mm diameter nozzle. 

Notice how the error bars overlap. 

Volume flow rate was kept constant in the experiment to demonstrate 

that by the law of conservation of mass, as the area of the exit nozzle decreases 

the velocity of the water increases. The law of conservation of mass states that 

for any closed system the mass of the system must remain constant. For this 

experiment, the amount of water exiting the nozzle was measured and 

maintained constant for three different flow rates. Equation 2 shows that as the 

mass flow rate is kept constant, the velocity and area of the nozzle must change 

proportionally to one another.  There was about a 62% theoretical difference in 

the exiting velocity of the water between the two diameters. Equation 3 

demonstrates a relationship between the momentum force on the object, mass 

flow rate, and the change between the exit and entrance velocity of the water. 

The momentum is the dependent parameter and velocity is independent. Thus, 

if the entrance velocity of the water is higher in either of the three flow rates, it 

will undoubtedly increase the momentum acting on the object. Figure 2 

compares the resultant force between the two different diameters using 2 

different flow rates. 



 

 

 

 

 

 

 

 

 

 Figure 13: Bar Graph representing how diameter size effects the force on 

the object. With a smaller diameter but same flow rate, the force increases as 

shown. This graph compares values from two different flow rates. 

 

 

 

 

 

 

 

 



The force of the water on the object is dependent upon the volume flow 

rate of the water in that as volume flow rate increases, the force increases. 

Equation 1 demonstrates that with increasing volume flow rate the force must 

increase. Figures 4-11 demonstrate that this is the case. O the flat plate with the 

small nozzle there was a 117% increase in force going from a 2.4L/min flow to a 

3.4L/min flow, and another 65% increase going to 4.4L/min. The amount of 

fluid acting on the surface of an object in a period of time is interconnected to 

the amount of momentum created on that object. Volume flow rate can be 

converted to mass flow rate which can then be used in Equation 3. The increase 

in mass flow rate will certainly increase the momentum when multiplied by the 

difference in exiting and entrance velocities. Furthermore, Equation 2 

demonstrates that if the area stays constant as the volume flow rate increases, 

the velocity of the water must also increase. Knowing this, Equation 3 helps one 

understand this phenomenon. As the entrance velocity increases, this creates a 

higher force on the object. The relationship between the volume flow rate and 

the force on the object is shown in Figure 1.   

 

 

 

 

 

 

 

 



The shape of the object the flowing water acts upon is very influential on 

the force being created since it is dependent on the exit velocities. The angle 

that Equation 1 refers to is measured from vertical. Accordingly, when the 

water acts upon an object that deflects the water closer to 180°, the force should 

be greater. Equation 4 shows that as the water is deflected further away from 

the positive y direction, the force should be increasing. In both the large and 

small nozzle scenarios, the force acting on the concave object was greatest. In 

fact, there was a 53% increase in force between the flat plate and concave 

objects using the same flow rate, and the same 3.34mm nozzle. Likewise there 

was a 100% increase between the two using the large nozzle. In the case of the 

cones, water continues in the positive y direction, but at a different angle than at 

initial contact. The force then should be lower compared to the other two 

objects as shown in Figure 12. The water was assumed to deflect at a 31.3° 

angle, which is a much lower deflection compared to the flat plate of 90° and the 

concave at 141.7°.  

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

Figure 13: Bar graph comparing the forces created on the Cone, Flat Plate, and 

Concave objects. Different deflections of the water were created by these three 

objects, suggesting the force depends on what direction the flow travels after it 

hits the object. 

In the previous calculations, many assumptions were made to make 

theoretical calculations easier, but as seen in the data of both Cone 1 and 2, 

assumptions introduce error that must be corrected. Assumptions are used 

because there are many factors when calculating a theoretical force that can 

make arriving at a perfectly accurate value extremely difficult. The factors that 

were assumed negligible were: the velocity at the point of contact with the cone 

and the point of exit were the same, gravity forces, uniform flow, non-circular 

nozzle, viscous forces, water deflects at the same angle as the cone, and air 

resistance. Because of the possibility of random error, the maximum value of 

uncertainty was built into the calculations and presented in error bars as shown 

in Figures 4-11. Consequently an assumption made that effects just the cone 

must be selected and dealt with properly. 



 All the assumptions made with exception to the angle of deflection and 

velocity difference between the point of contact and exit of the cone may still be 

neglected due to their lack of influence. Because Equation 4 is only concerned 

about the entrance and exit velocity on the object, gravity forces will play only a 

trivial role. Other assumptions including a uniform flow occurring, non-circular 

nozzle, and viscous forces also play a trivial role in the change in force. The 

uncertainties dealing with these parameters were built into the error bars. If 

these assumptions are imperative, differences in the data between the 

theoretical and measured forces between the flat and concave objects would 

also be noticeable. A slow motion camera was brought to the lab and used to 

spot small differences that are difficult to notice with the naked eye. Through 

the camera it was observed that the exit velocity was about half that of the 

entrance velocity. Also, the angle of the water did increase about .5 degrees with 

L/min increase in flow rate. 

  

 

 

 

 

 

 

 

 

 



Flow Rate (L/min) Force (N) Velocity (m/s) Theor. Force (N) Flow Rate (L/min) Force (N) Velocity (m/s) Theor. Force (N)

2.4 0.07 4.5654 0.0919 2.4 0.12 4.5654 0.098

3.4 0.19 6.4676 0.1966 3.4 0.25 6.4676 0.2245

4.4 0.38 8.3699 0.367 4.4 0.4 8.3699 0.367

Flow Rate (L/min) Force (N) Velocity (m/s) Theor. Force (N) Flow Rate (L/min) Force (N) Velocity (m/s) Theor. Force (N)

3.4 0.04 1.8408 0.0525 3.4 0.04 1.8408 0.0525

4.4 0.1 2.6078 0.1206 4.4 0.09 2.6078 0.1206

6.8 0.31 3.3747 0.2612 6.8 0.25 3.3747 0.2612

Small Nozzle

Cone 1 Cone 2

Large Nozzle

Cone 1 Cone 2

Accounting for the change in velocity between the entrance and exit of 

the cone, and the change in angle led to a theoretical data values that matched 

the measured. Taking into account the change in velocity and angle assumptions 

leads to the development of a new momentum equation. A 50% loss in velocity 

and a changing angle are accounted for in Equation 5: 

                                              𝐹𝑅 =  �̇�(𝑣1 ∗ 0.5 ∗ 𝐶𝑜𝑠(𝜃) − 𝑣1)                                {5} 

Where 𝐹𝑅 is the resultant force, 𝑣1is the entrance velocity, and θ is the angle of 

the water deflection. The data for Cone 1 and Cone 2 are in Table 3 and the 

graphs for this data are in Figures 14-17. The error bars of the theoretical and 

measured forces now overlap. Now that velocity and the angle are accounted 

for, there was about a 250% increase in force. Thus, having made these two 

assumptions caused significant error. The cone exhibited a rough surface which 

was probably the cause of the loss in velocity. 

 

 

 

 

 

 

 

Table 3: Data representing the new theoretical forces with Cone 1 and Cone 2. 

Notice how they match up much better using Equation 5 than compared with 

the data presented in Tables 1&2. 



 

 

 

 

 

 

 

 Figure 14: Graph representing the new theoretical forces using Equation 5 in 

comparison to the measured for Cone 1 using the small nozzle. Notice how they 

are within tolerance (overlapping error bars) of each other. 

   

 

 

 

 

 

 

 

Figure 15: Graph representing the new theoretical forces using Equation 5 in 

comparison to the measured for Cone 2 using the small nozzle. Notice how they 

are within tolerance (overlapping error bars) of each other. 



 

 

 

 

 

 

 

Figure 16: Graph representing the new theoretical forces using Equation 5 in 

comparison to the measured for Cone 1 using the large nozzle. Notice how they 

are within tolerance (overlapping error bars) of each other. 

 

  

 

 

 

 

 

Figure 17: Graph representing the new theoretical forces using Equation 5 in 

comparison to the measured for Cone 2 using the large nozzle. Notice how they 

are within tolerance (overlapping error bars) of each other.  



Conclusion 

 The force created on an object by flowing water is dependent upon the 

shape of the object, the volume flow rate, and the diameter of the nozzle. 

Because of the equations used in this experiment, the exit velocity plays a major 

role in the momentum acting on the object. When there is more exit velocity, 

less force on the object will occur because of the way the object deflects the 

momentum.  Also, the volume flow rate will affect the force because it increase 

the amount of mass hitting the object, and Equations 1-4 show that with 

increasing mass, force increases. Lastly, by the law of conservation of mass, 

increasing or decreasing the diameter of the nozzle will affect the exit velocity 

of the water which increases or decrease the momentum.  

 The large differences between the theoretical and measured forces for 

Cone 1&2 were corrected by taking into account the difference in velocity and 

angle of deflection of the water leaving the cone. Many assumptions were made 

during the initial calculation of the theoretical forces on the objects. After 

considering how each assumption may potentially affect the overall force, the 

conclusion was that only the difference in velocity and the angle of deflection 

were imperative.  This was concluded because there occurred a 250% increase 

in force while using the low flow rate, while other assumptions caused very 

little change. The theoretical and measured values were matched and were 

within the range of each other’s random error possibility. 

 

 

  

  



 


