Card Under a Water-Filled Bottle

Credit to Danny Van Walleghem

The following discrepant event showcases how a simple cardboard card can hold back the water of a filled bottle. This will then be extended to using a plastic and aluminum sheet to do the same. Lastly, a fine wire mesh, in this case nylon, will display how even water tension can keep water from spilling out from a bottle.

Curriculum


Senior III Chemistry

· C30S-2-03- Examine the historical development of the measurement of pressure, i.e. Toricelli, Paskal, etc.
· C30S-2-04- Describe the various units used to measure pressure

· C30S-2-05- Experiment to develop the relationship between pressure and volume of a gas using visual, numerical, and graphical representations, i.e. Boyle’s Law
· C30S-2-08- Solve qualitative problems involving the relationships among pressure, temperature, and volume of a gas

Materials

a) 1 wide-mouthed bottle or plastic cup, approximately 30 ounces

b) 1 cardboard card, larger than the mouth of the bottle

c) 1 hard plastic sheet, larger than the mouth of the bottle, i.e. a CD case

d) 1 sheet of aluminum, approximately the same size as the cardboard card

e) A fine wire mesh, in this case nylon

f) A tray to catch the water

Safety


The only safety precaution is to make sure the experiment is performed over a large container or tray to catch any spilled water. Water will spill throughout this experiment, so it is important to make sure the spills are contained in a safe area.

Procedure

1) The bottle or cup is filled with water. The students are asked what will happen when the bottle is tipped. The obvious answer is that the water will pour out due to gravity. This is confirmed for them.

2) The bottle is once again filled. This time, the cardboard card is placed over the mouth of the bottle. Get students to consider any differences molecularly in the air space below the card and the air directly above the card. The bottle is quickly turned completely upside down while the card is held in place over the mouth. The students are asked what will happen when the card is let go. The expected result is that gravity pulls the card and the water and the bottle once again empties. 

3) The card is let go and it is discovered that it stays in place, holding the water in the bottle as well. Students are asked what they think is happening. Most high school students will give some sort of explanation of “suction” occurring, which is a poor explanation. Others will describe air pressure differences. Get students to consider the stress on the card and the effect of the bulge of the card has on the volume of the air space and the pressure exerted by the air in this space as compared to the air in contact with the card external to the card.
4) This process is repeated for several different volumes of water in the bottle. Whether the bottle is slightly, half, or completely filled, the card will always hold the water back.. Continue to emphasize how air pressure is changing as a result of volume changes.
5) The bottle is then slightly filled. This time it is tipped over again but with the hard plastic sheet in place (i.e. a CD case). Students are asked what will happen. Some will expect the plastic to stay there much like the cardboard card. Others will expect everything to fall out since the plastic case is heavier than the cardboard card and experiences a greater gravitational pull. The result is observed. Most likely, the plastic sheet will fall and the water will spill out.

6) The bottle is filled close to the top and the same plastic sheet is held over the opening and the bottle turned upside down. This time, the plastic stays in place and the water stays put. The students are asked why the plastic stays put for a full bottle but doesn’t for a slightly filled bottle.

7) The bottle is filled halfway and the aluminum sheet is placed over the mouth. The students are once again asked what will happen when the bottle is turned upside down. Since disequilibrium has been created in the students, most will be unsure of the result. Half will say that the sheet will stay like the others; the other half will say it will fall because it’s too heavy. They observe the result. The sheet will most likely fall when the bottle is only half filled.

8) The bottle is nearly completely filled and the aluminum sheet is once again used. Many students will expect the card to stay in place much like the cardboard and plastic while others will still say that gravity acts too much on the aluminum and the extra water so it will spill. The demonstration shows that even with the full bottle and aluminum sheet, everything stays put when let go.

9) The students are asked to discuss what has happened. They must determine why the water was held back by cardboard, plastic, and aluminum. Furthermore, they must discover why a cardboard card could hold back any amount of water while the plastic and aluminum could only hold back large amounts of water.

10) Lastly, a nylon stocking is spread tightly over the mouth of the bottle. This represents the fine wire mesh that the experiment calls for. The students are asked what will happen when the bottle is turned over. Since there are holes in the nylon, the water should spill out. As expected, the students see the water spill out when dumped.

11) This time, the cardboard card is held over the nylon and the bottle is turned upside down. The card is let go and, as expected, it stays in place holding back the water, even though there is a layer of nylon covering the opening.

12) As the class is in discussion, the card is “accidentally” knocked off. The students should be shocked to see that no water falls out of the cup, even though only the nylon is covering the opening.

13) The students are asked how the nylon can now keep the water from spilling. They must eventually discover that not only air pressure holds the water back, but water tension can also play a large part.

Theory


Most senior years students know only that air can exert pressure. Very few are aware of just how strong this pressure is, especially when there is a pressure difference between two areas. This experiment is a good example of the power of air pressure and the vindication of Robert Boyle’s famous law.


Boyle’s Law states that volume and pressure are inversely proportional to each other. That is, as the volume of a substance is increased, its pressure decreases. Likewise, when the volume decreases, the pressure increases. This concept is confirmed in this experiment. 


The main reason why the cards can hold back the water is due to Boyle’s Law. When the bottle is turned upside down, the weight of the water puts stress on the cards. As the card bulges ever so slightly due to the weight, the volume of the bottle is increased. The small bulge of the card has increased the volume of the bottle very slightly. The volume of water in the bottle does not change, so it is the air that must account for the “new” volume. As the volume of air increases slightly, Boyle’s Law states that its pressure decreases. Thus, a pressure difference has been created. There is less pressure inside the bottle than on the outside. Thus, when the card is let go, the pressure of the air holding up the card is greater than the pressure of the air and water pushing down on it. Therefore, the card stays in place. Students are able to see that the pressure of air holding up the card is much greater than the weight of the water and the pressure of air within the water.


This also helps explain why the plastic and aluminum sheets needed more water in the bottle. The plastic and aluminum are much more rigid than the cardboard. Therefore, to create the slight bulge in the sheets that is required, more water weight is needed to push on the plastic and aluminum. This is why a full bottle is needed for the plastic and aluminum.


It is important to teach the students that there is no “suction” happening. In fact, suction never happens in nature. What students think as suction is actually the movement of air from a place of high pressure to an area of low pressure.


An interesting factor that also comes into play with the plastic and aluminum sheets is water tension. Although the cards hold back the water, there is a very small opening between them and the bottle when let go. This can be seen when the aluminum and plastic can actually be moved from side to side easily without falling and causing the water to spill out. The reason the small opening allows no water to spill out is water tension. The point of using the nylon was to confirm this. With such small holes in the nylon, the water is able to fill the holes and build up a strong tension in conjunction with the nylon. This tension is allowed when the card is held over the opening first. Once the card is knocked off, the water has been given a chance to fill the holes and use tension to hold itself back. Thus, when the card is dropped, the water still doesn’t fall out, thanks mostly to the water tension helped out by the nylon. In this demonstration, the water stays in the cylinder due to a combination of the surface tension of water and the pressure of the air against the cheesecloth/index card.  

Water has a high surface tension (73 N/mm), which is a measure of the inward force acting on the surface of a liquid due to the attraction of molecules in the liquid.  Surface tension can also be described as the force required to break through or stretch the surface of a liquid. Electrons are not shared equally in a water molecule’s covalent bonds, and although a water molecule has a net neutral charge, its sharing arrangement results in a polar molecule having a net positive charge at one end, and a net negative charge at the other.  This polarity results in an attractive force, or cohesion, between molecules, which is responsible for capillary action and for surface tension.  The weak “hydrogen bonds” responsible for this cohesion are about 1/20th as strong as covalent bonds. At the interface between the liquid’s surface and the air, there is an orderly arrangement of water molecules hydrogen-bonded to one another and to molecules below resulting in surface tension.  As a result, polar liquids have a higher surface tension than non-polar liquids, which tend to flow easier. 

In this demonstration, the card essentially acts as a seal, due to surface tension between the water in the card and the water below; this is ultimately due to the adhesive and cohesive properties of water.  The surface tension serves to maintain the seal, through adhesive force.  With the cheesecloth, the cohesive and adhesive forces of surface tension seal the holes between the fibres of the cloth, and the force of this surface tension is sufficient to stop any water from coming through the pores. 


It is also interesting to note that a French man by the name of Edme Mariotte also discovered the inverse relationship of pressure and volume, independent of Robert Boyle. Thus, it is interesting to discover that in Australia and the West Indies, the inverse relationship of pressure and volume is called Mariotte’s Law instead of Boyle’s Law!

Discrepancy


What makes this experiment discrepant is primarily our knowledge of gravity. Gravity is much easier to conceptualize than air pressure. “It pulls things down”, and everyone knows it. What creates the “disequilibrium” for students is the fact that the water and card do not fall when let go. To students who know little about air pressure, it appears to violate the laws of gravity! Even to those who understand the power of air, it is still shocking to see how a simple cardboard card can hold back an entire bottle of water.


Another discrepancy in this experiment is that for aluminum, a heavier substance than cardboard, to hold back water, there needs to be more water in the bottle! Once again, our knowledge of gravity suggests that the heavier aluminum and more water should create an even unlikelier situation for the system to stay still. Yet the students discover that the extra weight is needed for the system to stay in equilibrium.


The biggest discrepancy is the fact that nylon, which is filled with small holes, can keep the water from spilling out of the bottle if properly prepped with the cards. Even water tension, in conjunction with air pressure, can be strong enough to counteract gravity’s effects.
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