The Business of Oil & Gas:  How Oil Fields Work

The Reservoir.  Have you ever wondered what oil fields are really like?  Many people con​ceive of them as large underground pools of oil, some​thing like giant sealed-off caves flooded with oil.  They imagine oil wells as something like long straws run​ning down to these subterranean lagoons to suck the oil up to the surface.  This com​mon view is not very accurate.

A better image of what an oil field is really like would start with a beach bucket nearly filled with sand and then you pour water into the sand until the water level in the bucket is just below the top of the sand.  You pour in as much water as you can, which turns out to be quite a bit because, even if you’ve packed the sand down as hard as you can in the bucket, there are still tiny gaps and spaces between the grains of sand that the water can fill.  The same is true with oil fields — there are tiny spaces (called pores) in the reservoir rock that the oil can fill.  Often the rock actually is sand​stone, which is basically the same as the sand in your bucket except the grains of sand are stuck together.

Now imagine your bucket of waterlogged sand, and sup​pose you want to get as much of the water back out as you can without simply tipping the bucket over and dumping every​thing out.  A straw is a useful tool for this because you can stick it into the sand all the way to the bottom of the bucket and suck water out.  Of course, if you simply stick it into the sand and suck, you’re first going to suck out all the sand that got into the straw when you pushed it in.  So imagine instead a straw that’s sealed off at the bottom and has lots of tiny holes all around and part way up its side so water can get into the straw through those holes instead of through the bottom end.

Suppose you simply push this special straw straight down through the sand to the bottom of the bucket, but you don’t suck on it.  What happens?  Well, suddenly there’s a straw-shaped hole in a bucketful of waterlogged sand, and gravity is going to make the water flow into that hole.  Since it cannot flow directly into the hole, the water drains through the holes in the side of the straw and then fills the straw.  In a while, the part of the straw that’s stuck into the sand will be nearly full of water that has seeped in.  Now if you put your finger over the hole at the top end of the straw, you could pull the straw full of water out of the sand and then empty the water into a water jar.  Then you could put the straw back into the sand bucket — probably in a different spot from the first one — and wait for more water drain into it from the sand.  Then you could pull it out and empty that water into the jar too, and then repeat the process as many times as you’d like.  This would be a rather slow way of getting water out of the sand bucket and not a very effi​cient one eith​er; at best you’d get only a fraction of the water out of the sand buck​et.  But at least you would get some out.

This process is pretty much what’s happening when you see an old oil field in Okla​ho​ma, Texas or California with all those big pumps slowly rocking up and down.  Basically oil is draining out of the rock through holes in the side of the pipe that lines the well, the same as water seeps out of the sand into the straw through the holes in the side of the straw.  The big rocker pumps are phys​ically lifting the oil up through the well a few feet at a time with each stroke, in much the same way as you lifted a straw​ful of water out of the sand to empty it into the jar — the difference, of course, is that the pipe in an oil well isn’t lifted out of ground, but instead the oil is physically lifted up within the bore of the pipe by the rocker pump.  Each pump rocks faster or slower depending on how fast the oil drains into the pipe, and sometimes a pump only works part of the day.  How often and how fast the pump rocks depends on two things:  the nature of the rock in terms of how readily it allows oil to move through it and drain into the pipe bore, and the thick​ness or vis​cosity of the oil.  Oil that’s thin like gasoline obviously will drain faster into a well than oil that’s thick as syrup.  This type of production is called gravity drain​age be​cause gravity is the principal force  causing the oil to drain from the rock into the wells.

Now let’s go back to the bucket waterlogged sand and the special perforated straw, but this time instead of putting the straw into the sand and simply letting the water drain into it, you suck on the straw.  Sucking accelerates the pro​cess because it creates an addi​tional force besides gravity to move the water.  When you suck on the straw, you draw air out of your mouth without letting any air in, creating a region of low pres​sure in your mouth.  Be​cause air cannot flow directly into your mouth to fill that low-pressure region, the pres​sure of the atmosphere acts on the one thing that can move to​ward your mouth to fill the low-pressure re​gion, and that is the water in the sand.  So the natural pressure of the air forces water through the sand toward the straw and into it.

In addition, if you don’t suck too hard,
 you can get more water out of the surround​ing sand than you could by simply letting it drain into the straw.  This is because there are natural forces that resist the drainage of water into the straw — things like inertia, friction and “capillary action” (the tendency of water filling the pores in the sand to stay in those pores because of its surface tension).  These forces are why the top layer of the sand re​mains damp even after we’ve drawn water out of the bucket and lowered the top of the waterlogged layer of sand; without those forces it would drain completely dry as we re​move water from the bucket.  When only gravity is working to drain water into the straw, the pro-movement force of gravity reduces as more water drains out of the sand into the straw, and the water stops draining into the straw when the pro-movement force of gravi​ty decreases to the point that it is exactly counteracted by the anti-movement forces.  If there is an additional pro-movement force at work besides gravity, then more water has to go out of the sand and into the straw before this balance point between pro- and anti-move​ment forces is reached.  So sucking on the straw not only increases the rate that you can get water out of the sand, but also the total amount of water you get out. 

Of course, no one produces an oil field by sucking on the wells.  But the idea here of us​ing pressure to increase production goes beyond suction.  In suction, the pressure is creat​ed by lowering the pressure in your mouth, but you could also create pressure within the sand bucket if you seal it off at the top (with the straw sticking up through the seal) and then plug an air hose in through the bottom of the bucket.  Then, when you shoot some air into the buck​et from the air hose, there’s nowhere for it to go except up the straw.  Since the air can​not get into the straw directly (unless you put the straw right next to the tip of the air hose), it does so indirectly by forcing water out of the sand into the straw and then up the straw.  You can run the water coming out of the straw straight into the water jar.

In an oil field this kind of pressure can either exist naturally in the reservoir, or it can be created or main​tained artifi​cial​ly.

Natural reservoir pressure generally occurs as a result of the fact that temperatures and pressures increase the deeper you go into the earth.  Since oil reservoirs form because the oil is trapped up against a layer of rock that it cannot pass through, the fluids at the bot​tom of the reservoir exert pressure on those trapped higher up.  This pressure can be great​​ly magnified when the oil is in direct contact with a large body of water in the rock below (called an aquifer), because the effects of higher pressure and temperature on the much larger vol​ume of water deeper down are all pushing against the layer of oil trapped above that water.  In addi​tion, if there are significant quantities of natural gas associated with the oil, the gas has a natural ten​dency to expand as oil is withdrawn, which helps maintain the pres​sure.

When a well is drilled into an oil reservoir with natural pressure, that pressure forces oil into the well and then upward as more oil continues to crowd into the well.  The col​umn of oil in the well weighs more as the column gets higher, which makes it harder for more oil to crowd into the bottom of the well.  But if the reservoir pressure at the bottom is enough to overcome the weight of oil running all the way up the well to the surface, the well will flow naturally without a pump.  In fact, the classic gushers of the past resulted because the reservoir pressure was considerably greater than the weight of the fluids in the well bore.

Not infrequently, in order to reduce the weight of the oil in the well bore so the well will flow faster, pressurized natural gas is run through a small pipe down the inside of the well to the bottom, where it comes out of a nozzle and turns the oil into a foam with zillions of tiny bubbles trapped in the oil — much like whipped cream.  With all that gas trapped in​side, a cubic foot of foam weighs a lot less than a cubic foot of liquid oil.  So when the en​tire column of oil in the well is foam, its weight is much less and the pressure of the reser​voir can push the oil up to the surface faster than it would if the oil were not foamed.  This technique of foam​ing the oil is called gas-lift because of its use of natural gas to light​​en the oil column in the well and allow the reservoir pressure to lift the oil to the surface faster.

As an oil field is produced, the physical removal of oil will lower the pressure in the res​er​voir, especially when the primary source of reservoir pressure is natural gas.  As the oil is removed, the gas expands to take its place; and as gas expands, it loses its pressure.  In other fields a large underlying water aquifer pushing up against the oil layer may be the pri​mary source of the reservoir pressure.  In such a case, if the water can readily flow up into the oil-bearing rock as the oil is removed, then the aquifer will continue to apply pres​​sure to the oil remaining in the reservoir rock, and reservoir pressure may decrease only slightly as the field is produced.
  Of course, things are not always simple and some​times reservoir pressure is caused by a combination of natural gas and pressure from an aquifer.  Other times there may be neither natural gas nor an aquifer, and reservoir pres​sure is unusually low.  Whether it is recovered because of gravity drainage into the wells, gas expansion in the reservoir, a water drive or any combination of these, the oil and gas that is recovered as a result of the natural forces in a reservoir is called  the “primary” re​cov​ery” from the reservoir.

Ongoing production, as just noted, can cause a reduction in reservoir pressure.  You don’t want reservoir pressure to fall if you can reasonably avoid it, for two primary reasons.  One is that production slows down as the pressure falls.  This is similar to what happens when you sit on an inflated air mattress and open the air valve.  Your weight creates pressure on the air trapped inside, and when you open the valve, the air rushes out as fast as it can.  So long as there is enough air inside to keep you from coming into contact with the ground, your weight maintains a steady pressure on the gas.  But once you “touch down,” the pressure inside the mattress will start decreasing as gas continues to escape, and the flow of gas quickly decreases.  Eventually, when the pressure inside the mattress equals the normal air pressure outside, the flow of air out of the air mattress stops alto​geth​er if you sit still.  The same principle is at work in an oil and gas reservoir.  The pres​sure pushes the oil and gas toward and into the wells, but as the pressure decreases, its force pushing on the oil and gas also decreases and so the flow into the wells slows down.

The second reason for not wanting the reservoir pressure to fall is that the total amount of oil and gas that you recover from the reservoir will be less.  This is like the air mattress you were sitting on after the air stopped flowing out of it.  There was still quite a bit of air inside, but there was no pressure to make it come out through the valve.  But if, in​stead of sitting on it when you open the air valve, you start rolling the mattress up from the end away from the valve, then you would maintain pressure on the air inside as you keep roll​ing up the mattress.  When it’s all rolled up, there is much less air left inside than when you simply sit on it after opening the valve.

Of course, you can’t roll up a lay​er of rock thousands of feet underground as you can with an air mattress.  But rolling up the mattress is merely the mechanical means that we hap​pened to choose for you maintain pressure inside the mattress — the actual principle at work is that more gas comes out because you maintain pressure on it that moves it to and out the valve.
  It is this princi​ple that also applies to a reservoir, and if you can reasona​bly keep the reservoir pres​sure from falling as oil and gas is produced from it, you’ll in​crease your total recov​ery of oil and gas.

To maintain reservoir pressure, producers have two choices.  One is to put gas into the re​s​er​voir.  Usually this is gas that has come up with oil from the reservoir and been sep​arat​ed, but it can also be gas produced in another field and piped over for injection.  The oth​er choice is to inject water into the reser​voir in order to fill the physical space vacated by the oil that’s been pro​duc​ed.  With either tech​nique the producer can arrange the injec​tion points in a pattern so that the injected gas or water can “push” the remaining oil to​ward the wells and enhance recovery, in addition to maintaining pressure.  The two tech​niques are not mutu​al​ly exclu​sive, and in fact, Prudhoe Bay is a prime ex​ample of a field where both have been applied with great success.  Cur​rent​ly over 8 billion cubic feet of gas and about 1.2 mill​ion bar​rels of water
 are ​injected into that res​ervoir daily.  Prud​hoe Bay was initially pro​jected to pro​duce on the order of 9.2 – 9.6 billion bar​rels, but thanks in signi​fi​cant part to these suc​cessful injec​tion pro​grams, it has already pro​​duced well over 10 bill​ion barrels and is still producing half a million bar​rels a day with a good many years of production ahead.  To distinguish it from the primary recovery of oil and gas through the natural forces at work in the reservoir, the additional production resulting from operations to maintain reservoir pressure is called “secondary recovery.”

There are also “tertiary recovery” techniques for oil to increase its total recovery yet fur​ther.  These methods work in one of basically three ways — changing the physical char​ac​teris​tics of water that has trapped oil in the tiny spaces in the rock,
 changing the physi​cal char​ac​ter​istics of the oil so it flows more readily through the rock,
 and vaporizing iso​lated ac​cu​mulations of liquid hydrocarbons that are stranded in the reservoir.

Surface Production Operations.  The oil in a typical Alaskan operation reaches the sur​face as part of a mixed stream of liquid and gaseous hydrocarbons, water and water va​por, sed​i​ments from the reservoir, and perhaps trace amounts of other impurities.  This mix​ture is often under pressure at several hundred pounds per square inch.  Before the oil can be put into a pipeline for shipment to market, it must be stabilized at atmospheric pres​sure (14.65 pounds per square inch) and separated from the associated gas, water, sedi​ments and other impurities.

When oil and gas are together under high pressure, a considerable amount of the gas dis​solves into the oil the same as carbon dioxide is dissolved in champagne before the bottle is opened.  When champagne is opened, the dissolved gas separates from the wine to form all the nice aesthetically tiny bubbles that champagne is famous for — “I am tasting stars!” is how Dom Pierre Pérignon (the inventor of champagne) described them.  But this separa​tion process is sensitive to any shaking or jarring of the champagne.  If you pour it too fast, even a small amount of cham​pagne will foam up and spill over the rim of your glass.  And of course, if you win the World Series or the Stanley Cup and shake your bottle up before opening it, the champagne sprays all over the room when you pop the cork — and the cork itself cannons out of the bottle with enough force and speed to cause serious harm if it hits someone in the eye.

So imagine what happens to oil and the gases dissolved in it as they chaotically tumble up a well bore for a mile or more on the way up to the surface, during which the pres​sure drops from several thousand pounds per square inch in the reservoir to “only” a few hundred at the surface.  This is amplified, of course, if gas-lift is being used.  Need​​less to say, when this well-shaken oil/gas mixture reaches the surface, it is not a simple thing to release the pres​sure safe​ly — you can’t just pop the cork.

The pressure is relieved in a controlled fashion, usually in three stages.  The raw produc​tion streams from several wells are blended together through a pipe manifold and then are run into a very large vessel or container — usually cylindrical — operating at a pres​sure well over 100 pounds per square inch (the exact operating pressure var​ies from field to field).  The incoming liquids (oil mixed with water) fall to the bottom of the ves​sel while free gases not dissolved in the oil escape into a pipe through a vent at the top and are piped away.  As the liquids at the bottom of the vessel flow to a drain at the far end, some of the gases dissolved in the oil separate and go out the vent at the top with the other gas​es.  This separation occurs because the pressure inside the vessel is less than the pres​sure of the production stream as it came in.  In effect, it’s like opening a bottle of cham​pagne in a pres​sur​ized room — part of the dissolved gas bubbles out, but not as much nor as wildly as would be the case if the room were not pressurized.  This bub​bling out is fin​ished by the time the oil-water mixture flows out of the separ​ator, and gases that haven’t bubbled out are still dissolved in it.

The fluids coming out of the first-stage separator then go to a second vessel which is similar to the first, but operating at about half the pressure.  Again, the drop in pressure allows some of the remaining dissolved gases to separ​ate from the liquids, and they are removed through a vent at the top of the second-stage sep​ar​a​tor while the fluid stream goes out through a drain at the bottom.  The fluids then go to a third vessel, which is operating only slightly above atmospheric pres​sure.
  This last drop in pressure allow the remaining dissolved gases to separate from the fluids.

The fluid stream coming into this last vessel is treated, usual​ly with an electric current, to break down an emulsion of oil and water that formed during the agitation of the oil and water as they came up the well or during the earlier stages of gas-oil separation.  Ordi​nar​ily oil floats on water.  But in an emul​sion, the droplets of each liquid floating around in the other are so tiny that, when molecules in random thermal motion collide with them, the impacts and random directions of these collisions are enough to dis​rupt the droplets’ motion caused by the downward force of gravity that would nor​mally make the water sink and the oil float.  The de-emulsify​ing process causes these tiny droplets to coalesce into larger ones that are much larger than molecules, and although molecular collisions con​tinue to occur, the impacts of those collisions are too small relative to the masses of the now-larger droplets to deflect them from their mo​tion caused by gravity.  So once the oil-water emul​sion is broken down, the oil floats to the top of the water and can be removed from the vessel through a drain part way up the vessel’s side, while the water goes out through a drain in the bottom of the vessel.  Obviously, it is impor​tant to monitor and care​fully con​trol the levels of water and oil in this vessel in order to keep the oil drain on the side of the vessel completely submerged in the oil layer and thereby keep both the water and the gases out of it.

The gases coming out of the tops of these three vessels are usually run through a refriger​a​​tion unit to remove propane, butane and pentane
 by cooling the gas below the boiling points for these substances.  Just as steam condenses into water when its temperature falls below 212( F (the boiling point of water), so propane, butane and pentane also condense into their liquid phase when they are cooled below their respective boiling points.  The li​quid mix​ture of pro​pane, butane and pentane (called “natural gas liquids” or NGLs
) can then be blend​ed into the crude oil stream and sent down the pipeline to market, or they can be used in certain enhanced oil recovery operations to increase the amount of oil re​covered from the reservoir.  In the Cook Inlet area some of the propane can be bottled and sold.  The hy​dro​carbon gases that remain in a gaseous phase through the refrigeration pro​cess are primarily meth​ane and ethane,
 and they stay gaseous be​cause the refri​geration process simply doesn’t get below their boiling points.  If there is a local market for natur​al gas, this gaseous methane-ethane blend can be sold as natural gas in that market.  Oth​erwise, the blend is com​pressed and sent down a well either to main​tain reservoir pres​sure or for a gas-lift opera​tion.

	� 	If you suck too hard, it’s like sucking hard on a straw with a milk-shake:  you end up drawing the shake’s surface down in a narrow cone shape around the straw until finally air can get sucked directly into the straw, and you make a big slurping sound.  This slurping phenomenon can occur in oil fields too, where it is called coning because the invading substance is also drawn toward the well in the shape of a cone.  In�stead of being air as in the case of a milk shake, the invading substance with an oil well is either natural gas being drawn down from a gas cap lying directly above the oil layer, or is water being drawn up from a water zone lying directly beneath the oil layer.  Either way, coning is undesirable because it’s the invading sub�stance that’s flowing into the well instead of  oil — in the same way, you get more noise (air) than milk-shake when you slurp it.


	� 	Today, in order to keep control over the well if the drill penetrates a reservoir under high pres�sure, the well is filled with a “mud” with lots of a very heavy, dense element called barium in it.  This drill�ing mud is cir�cu�lat�ed through the well in order to clear rock cuttings from the drill bit and bring them to the surface so the drilling can continue smooth�ly.  At the same time, all the barium in it makes the column of mud in the well so heavy that even very high reser�voir pressures are not strong enough to lift it.  Since they can’t lift the mud to escape up the well, the high pressure oil and gas stay inside the reservoir.


	� 	This in-flow of water that keeps pressure on a reservoir is called a water drive.


	� 	Any other means to maintain the pressure on the air inside the mattress would also increase the total amount of air taken out of the mattress.  For example, you could maintain pressure in the mattress by shov�el�ing a lot of sand on top of it, or by laying a long, wide steel slab over it.   Both would maintain pressure inside the mattress without rolling it up.  A different mechanism than flattening the mattress would be to cut a small hole at the far end from the valve, insert a water hose, seal the hole around the hose, and turn on the water.  Instead of compression from squeezing the mattress, the force on the air inside the mattress would be caused by the momentum and weight of the water flowing in.  In all three of these cases, more air comes out of the mattress than when you just sat on it, because the pressure on the air inside is main�tained until it is all out or nearly all out.


	� 	Of this, about 1.07 million barrels a day is water that, like the gas, comes up with the oil and is being reinjected.  The other 130,000 barrels a day is treated seawater.  These figures are for October 2001.


	� 	Even before there is any secondary oil recovery by water injection, there are — at a microscopic level — ultra-tiny accumulations of water in the pores (spaces) within the reservoir rock, and the oil fills up the remaining space in the pores.  Injecting water into the rock sweeps some of the oil out of the pores.  But as the water moves through the rock, some of it comes into contact with the ultra-tiny water accumulations that were already in there, and this adds water to the water accumulations and makes them bigger.  Eventu�ally they get big enough to touch the other now-swollen ultra-tiny water accumulations.  Water mole�cules have a slight positive charge at one end and a slight negative one at the other, and the electrical attraction be�tween the positive end of one molecule and the negative end of its neighbor tends to make water mole�cules at a surface stay together rather than let some other kind of molecule get in be�tween them, which is called sur�face tension.  When the swollen ultra-tiny accumulations of water in a pore come into contract with each other, their surface tension traps about 40% – 50% of the oil in the pore because any further injected water moving through the rock cannot exert a force on the trapped oil but flows around it instead, because of the surface tension between the water and the trapped oil.  The tertiary recovery technique of miscible injection uses a substance that reduces the surface tension trapping the oil and makes it possible for some of the oil to escape from the water trapping it


	� 	Sometimes oil is too waxy or viscous to move readily through the rock pores.  By injecting sub�stan�ces that thin the oil — much like using paint thinner to thin paint that has thickened — the oil can be made to move more easily through the rock, and hence a greater amount of it will end up moving into the wells and being produced.  Another technique involves heating the oil to make it less thick by burning part of it in place in the reservoir (called “in situ combustion”).


	� 	Although isolated accumulations of hydrocarbon liquid can exist in a reservoir even before there is any production, they more commonly occur because some gaseous hydrocarbons condense as the reservoir pressure drops.  This is called “retrograde condensation” — “retrograde” literally means “going backwards” — and in this case, what is going backwards is condensation as pressure de�creas�es, since most gases nor�mal�ly condense as a result of increasing the pressure.  However it may have formed, an isolated accumula�tion of hydrocarbon liquid in a reservoir is stranded there because any fluids that might be injected to try to move it simply follow the path of least resistance and slide around it through the surrounding rock.  (This stranding is yet another reason you don’t want your reservoir pressure to drop.)  The injection of certain gases into such a stranded accumulation will cause it to vaporize back into a gaseous state, and then the pres�sure of the in�jected gases can work to move the vaporized hydrocarbons to the wells.


	� 	The pressure is kept above atmospheric pressure in order to prevent any air from accidentally getting into the vessel.  Hydrocarbon gases are highly combustible, but as long as there is no oxygen present, they can’t catch fire.


	� 	A key attribute of hydrocarbons is the number of carbon atoms in their molecules, because the car�bon atoms can link together to form chains, chains with one or more branches, hexagonal rings, rings with one or more branches coming off them, compound hexagonal rings, etc. in almost endless variation.  The simplest hy�dro�car�bon, methane, has only one carbon atom in its molecule.  Ethane has two carbon atoms per molecule, propane three, butane four, and pentane five.  All the other atoms in these mole�cules are hy�dro�gen atoms — in fact, the very word “hydrocarbon” was coined to define the class of chemi�cals com�prised of carbon and hydrogen atoms exclusively.


	� 	NGLs must not be confused with LNG, which is liquefied natural gas.  As noted above, NGLs are a mixture of propane, butane and pentane, and to extract NGLs from gas, it is necessary only to refrigerate the gas be�low the -43( F boiling point for propane.  In contrast, LNG is pri�marily methane that has been super-refri�gerated down below its boiling point of -260( F (methane’s boiling point rises with higher pressure, but even at very great pressure it’s still -117( F).  Thus, in terms of chemical composition as well as the pro�cess�es ne�cessary to produce it, LNG is very different from NGLs.


	� 	Despite their removal from the methane and ethane by refrigeration, slight traces of propane, bu�tane and even heavi�er hydrocarbons may still be present in the methane-ethane stream coming out of a refri�ger�a�tion unit.  This is be�cause small amounts of them can evaporate back into vapor even though the tempera�ture is below their boil�ing points, the same as water evap�or�ates and becomes water vapor in the air at tem�per�atures far below its boiling point of 212( F.  If the rate of this hydrocarbon evaporation oc�curring at a re�frigeration unit becomes a concern, it can be reduced by operating the unit at a higher pres�sure.
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