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Summary

The aim of the project was to compare two cold flow concepts, SINTEF and

NTNU, by general and simple heat and mass balance calculations. These concepts

have different cooling process, so the main task has been to calculate the cooling

processes. To find out where the cold flow can be appropiate, typical Norwegian

deepwater production condition have been surveyed. It was found out that most

of the Norwegian oilfields have GOR varying from 125− 250, with corresponding

WC from 50− 85 %. The reservoir temperature, TR, is varying from 70− 150 ◦C

with corresponding reservoir pressure, PR, 150 − 600 bar. However if the GOR

would be larger then 1000, the cold flow technology would not be appropiate. At

so large GOR the transportion of the well fluid would be a problem, since the gas

production is so large. The WC would not be a problem for the cold flow concepts,

since most of water would be separated. As a result the water content that would

appear in the cold flow process would not be larger then 20 %

Since the water content would be so small, the hydrate would be formed in con-

trolled condition. The amount of hydrate would never be more than 50 %. This

would indicate that the cold flow technology would have an advantage compared

to other used technology to prevent hydrate problem. The low percent of hydrate

would make it possible to transport these small hydrate particles for long distance

with the well stream without any problem. The cold flow concepts would on the

other hand be mounted to existing fields or new developed fields, indicating the

flexiability of the technology.

However the calculation on the cooling process shows that several parametres

plays an important role in the cold flow technology, like OHTC, GOR and WC.

The OHTC is a key parameter in designing the pipeline arrangement in SINTEF

concept and in heat exchanger arrangment for the NTNU concept. The value that
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have been used in the SINTEF concept is 100, but the industry are using values

of 10-20 for the pipe exposed to seawater at seabed. As a result it was found out

that the pipe arrangment at 4 − 6 km would be enough for OHTC=100 and for

OHTC=15 the pipe arrangment have to be more than 10 km. The NTNU concept

is using OHTC=250 for the design of the heat exchanger arrangment, but it was

found out that this value could be much higher. The diameter of the tube in the

heat exchanger arrangement would in this case be so small, that the OHTC value

could be up to 1000.

It was drawn a hydrate curve to find out if the temperature would be low and

pressure high enough to formate hydrate in the concepts. It was found out that

both concept would achieve the low temperature for hydrate formation below 10

◦C) and the pressure would not be a problem since the pressure is high enough

(150 bar and 375 bar).

The result in the this project shows that cold flow technology have some uncertain

parametres like OHTC that requires more researh and the technology is still on

the development stage. However, the technology have potensial to challenge the

existing methods used to prevent the hydrate formation.
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1 INTRODUCTION 1

1 Introduction

The trend of oil and gas industry is currently moving into deeper production and

colder water. At these condition the depth could be up to , 1 − 3 km, and the

temperature could be near to freezing, 2 − 4 ◦C. The flowassurance would be a

technically challenge since the well fluid in the flowline, without protection, can

form hydrates and wax solids. This would mostly occur at shutdown and restart

situations and can afterward result in plugged flow.

The industry are using a lot of methods to prevent hydrate formation, like injection

of chemicals, methanol or glycol to the flowline. Another method that is used is

heating of the pipeline to keep the temperature in the flowline as high as possible.

This method would prevent hydrate formation and wax deposition on the pipe wall.

Another frequently used method is depressurization. By reducing the pressure,

hydrate formation and wax solids can be prevented. The drawback for all these

methods is that they are expensive, difficult and can often result in lost production.

Cold flow is an alternative technology on hydrate prevention in pipelines at deep-

water production. This technology aims to eliminate the need for injection of

chemicals and heating under normal operating conditions at seabed. However,

there are two different concept based on cold flow technology and they have dif-

ferent ways of cooling. Since the cold flow is an alternative method to hydrate

prevention, the best method of cooling should be found out. As a result the

NTNU and SINTEF concept will be compared in general and simple heat and

mass balance calculations will be carried out. The main task will be the cooling

process and try to find out which of these concepts have the easiest and best cool-

ing. Also deepwater production condition at offshore have will be considered. This

will be indicate at which frame of GOR-WC for Norwegian oilfields, the cold flow

will be appropiate.
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2 Deepwater Production

Deepwater production has been started at offshore Mid-Norway, West of Shet-

lands, Gulf of Mexico, offshore Brazil and West Africa, and is likely to expand

considerably the coming decades. The production occurs with seafloor depths of

1-3 km and temperatures of -2 to 4 ◦C, so this will run into many technical chal-

lenges. At these conditions flow assurance could be a major technical challenge

considering oil and gas production. [1]

Figure 1 is showing the pressure of hydrocarbon fluid at various points along the

pipeline, which lies at seabed. One may observe as a unit mass of hydrocarbon

traverses the pipeline, the pressure drops uniformly due to friction losses. These

friction losses is associtaed with fluid flow, like water, oil and condensate, that

occurs with the gas in the pipepline. However, the temperature change is more

interesting. [2]

During the transport from the wellhead to surface the temperature and pressure

will occur inside the hydrate curve. The hot fluids, with temperature at 40-80 ◦C,

exiting at wellbore would need to be transported to processing facilities located on

the seabed, topside or beach. However, the seawater at the seabed would provide

an infinite cooling medium for the hot hydrocarbon fluid from the reservoir. If the

travel distance for the hot hydrocarbon fluid is short, then the hydrocarbon fluid

would maintain some residual heat, high pressure and high temperature, from the

hot reservoir hydrocarbon fluid at the pipeline entrance. If the temperature of the

fluids can be maintained, flow can be assured to the processing facilities. [1],[2]

However, these conditions will cause the cooled hydrocarbon fluids in the pipeline,

if unprotected, to form hydrates (to the left of the Lw-H-V line), particularly

during shutdown and restart situations. These solids can build up and result in
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plugged flowline, which will require very expensive methods to remove hydrates.

These methods are often difficult and lenghty and can lead to lost production. [3]

To overcome these flow assurance obstacles, several methods are been used by

the oil industry. Figure 2 is showing the methods like burial/covering, induction

heating, injection of inhibitors, direct heating, bundling and insulation. These

methods are only used to prevent the hydrate growth in the pipeline at seabed,

but there are also thermodynamics way to prevent hydrate formation by

• Remove the water to lower the dewpoint

• Keep the system temperature above the hydrate formation point

• Keep the system pressure below the hydrate formation point, and

• use inhibitors to shift the hydrate equlibrium curve, so the system is in the

fluid region

The hydrate equlibrium curve is indicating the thermodynamic point of hydrate

formation, or the highest possible temperature at which hydrates exist for a given

pressure. The techniques of hydrate prevention and dissociation are determined

from the phase diagrams. [2]

The removal of water can be done by separation or by use of molecular sieve. The

molecular sieve are crystalline solids which provide the lowest dewpoint commonly

obtainable and they are typically used in low temperature process plant. Water

condensation from the gas phase is prevented by drying the gas, either with TEG

to obtain less water content or with molecular sieves to obtain lower water content.

[4]

However, there are two common misconceptions exist concerning the presence of

water in formating hydrate in pipeline. The first misconception is that free water
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phase is absolutely necessary for the formation of hydrate and the second one that

ice is in solid phase in equlibrium with temperature below the hydrate. The water

content in the hydrocarbon phase would be so low, that a lot of time is required

for the water molecules to accumulate into significant hydrate mass. [4]

To maintain high temperatures during the transport from the reservoir to surface,

there are been used several methods like use of thermal insulation, bundling and

isolation. These methods are able to keep the system in the hydrate free region.

The thermal insulation and heating of subsea pipelines can be achieved by, for

example coating the pipeline, or pipe-in-pipe, or electrical or circulated heating of

fluid along the entire pipeline length. [3] However, these methods are considered

expensive and will unlikely be used for medium-to-long distances, 5 to 50 km.

Insulation and heating are considered more suitable for distances of a few kilome-

tres. Figure 3 is showing the operating area for insulation and heating compared

to hydrate curve. If the hot wellbore fluids enter a bare flowline without insulation

and heating on the seafloor, then the fluid will cool gradually from the 40-80 ◦C

to the ambient sea temperature of -2 to 4 ◦C. [1]

An other way to prevent the hydrate formation is by pressure reduction. There

are three consiting cases of pressure reduction used in the industry as shown in

Figure 4:

• Isothermally, as with infinetly slow pressure reduction. At this case the de-

pressurization represent a upper limit to the expansion. When the pressure

is reduced, sensible heat is supplied from the surroundings to both the hy-

drate interface and vapor phase. The dissocation of the hydrate start since

the temperature is constant.

• Isenthalpically, as with rapid pressure reduction without heat transfer. This
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method is also known as Joule-Thomson expansion. The pressure reduction

would make the gas expand further into the hydrate region. The rapid

isenthalpic expansion alone would promote the hydrate formation by cooling

the gas.

• Isentropically, as with pressure reduction through an ideal turboexpander

without heat transfer.

A common misconception about the hydrate depressurization is that depressuriza-

tion alone can cause hydrate dissociatition. The dissociated hydrate would have

more energy in the vapour and liquid than they do in the hydrate, energy required

to promote the dissocitation must be derived from the surroundings like seawa-

ter at seabed or from the hydrate itself. The purpose of the depressurization is

to decrease the pressure at the hydrate interface, so that the hydrate equilbrium

temperature is below the surroundings causes the heat and hydrate dissociation.

[2]

When hydrate growth do occur in pipeline then depressurization is used freqeuntly.

Both one side depressurization and two sided depressurization are used. However,

one should depressurize a hydrate plug simultaneously from both ends. If only

one end of the plug is depressurized, the pressure gradient across the dislodge plug

may cause a pipeline hydrate projectil enough momentum to cause damage and

safety problems at bends and elbows. It is very important to prevent large pressure

difference across the hydrate plug, if possible . [2]

The most used method in oil industry is injection of chemicals like methanol or

MEG, DEG and TEG. In Figure 5 one may observe how the inhibitors act com-

pared to the hydrate curve. For chemicals and inhibitors a delivery system at

wellhead would be available. The chemicals can be delivered through a small di-

ameter pipeline. This pipeline should have chemicals flow in opposite direction
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to the production stream. For chemicals like methanol or glycol can be delivered

through fixed tanks, on the seabed or at the ocean surface. The glycols provide

more hydrogen bonding opportunity with water through one more hydroxyl group

than alcohols, as well as through oxygen atoms in the case of the larger glycols.

The glycols generally have higher molecular weights with lower volatility, so they

may be recovered and recycled more from the processing equipment. [1], [2]

Two new means of hydrate inhibiton are been added to the thermodynamic in-

hibitor group and are being brought in common practice, the kinetic inhibitors

and anti-agglomerants. The required concentration of these inhibotors is very low

between 0.5-2 % wt. However, Norway have banned the use of this inhibitors due

to high pollution of the environment. [4], [5]

The kinetic inhibitors are low-molecular-weight polymers and small molecules dis-

solved in a carrier solvent and injected in to the water phase in pipelines. These

inhibitors bond to the hydrate surface and prevent significant crystal growth for a

period longer than the free-water residence time in pipeline. [4]

The anti-agglomerants are dispersants that cause the water phase to suspend as

small droplets in the oil or condensate. When the suspended water droplets con-

vert to hydrates, pipeline flows are maintained wihtout blockage. Because this

prevention method relies on emulsified water-hydrate, a condensend hydrocarbon

is required. [4]
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3 Hydrate growth in pipelines

In open literature there is little details about how hydrate growth occurs in real

system. The process of hydrate growth can be describe in many different ways,

and the following way to describe it comes from SINTEF. [6]

The hydrate start to nucleate close to the hydrocarbon phase on a water droplet in

gas, oil, or condensate phases. Growth of hydrate would appear along the surface

of the droplet until it is completely covered with a thin hydrate layer. Water

in the hydrocarbon phase would then penetrate from the interior of the water

droplet to the hydrophilic hydrate surface next to the hydrocarbon phase through

microperforations or small cracks in the hydrate film, as illustrated in Figure 6.

This would decrease the formation rate as the hydrate layer increases in thickness,

depending on the hydrate formation driving force and shear forces on the droplets.

After a relatively short time no further conversion of water to hydrate would be

observed.

If a water droplet covered by a hydrate film hits e.g. a pipe or reactor wall in a

turbulent system, the impact may create larger cracks in the film. The subcooled

water inside the droplet will drain through these cracks and spread on the dry

hydrophilic hydrate film. Hydrate-forming species close to the pipe wall may

convert this water to hydrate quickly, and this can often result in deposition of the

hydrate/water droplet on the wall.

In turbulent liquid systems the water phase would often distributed in the hy-

drocarbon phase as rough, unstable water-in-oil emulsions. As surface tension of

the droplets increases due to the hydrate layer, the water droplets agglomerate to

larger droplets or water lumps in order to minimize surface area, as shown in Fig-

ure 7. In turbulent liquids these water lumps will change form, surface area, and



3 HYDRATE GROWTH IN PIPELINES 8

volume continuously. The thin hydrate layer on the water lump will thereby often

be broken, giving new water-hydrocarbon interfaces where more hydrates quickly

form. The turbulent forces will also create small hydrate-covered water droplets as

illustrated in Figure 8. Due to the hydrophilic properties of the hydrate surface,

these droplets will be absorbed in the water lumps giving a slush-like appearance.

Further growth and particle accumulation will make the outer area of the lumps

stiffer. When these lumps collide with each other or with e.g. a pipe wall, free

water from the lump interior will spread to the outer hydrate surface, acting as

"glue" for agglomeration of the lumps to bigger lumps or plugs or to the pipe wall,

by converting to hydrates. The hydrate layer covering lumps or plugs increases

in thickness until internal pressure gradients due to capillary forces and volume

changes breaks it down to smaller hydrate bits as illustrated in Figure 9 and Figure

10. This process continues until the lumps have been broken down to a powder-

like appearance , assuming that flowing conditions can be maintained throughout

the process. In a realistic industry case, the pipeline will more often than not be

plugged before this stage is reached. Figure 11 is showing how hydrate particle

and water would react in a system. This would make the hydrate particle very

stabil.

However, there is a lot information about that natural gas hydrate contains water

and natural gas and appears at high pressure and low temperature. The gas

hydrate are dependent on several parametres like the rate of hydrate formation

and the depostion, the blocking properties, transport conditions as momentum

transfer, heat transfer and mass transfer. If the production stream does not contain

any water or associated gas1 then the natural gas hydrate would not be formed.

[1]

1gas that occurs at a pressure that is above the bubble point pressure of the crude oil
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4 Norwegian Oilfield Condition

The production from a field consist always gas, oil and water. Some of the Norwe-

gian fields have water production with oil and gas. As shown in Table 1 some of

the fields are in the early lifestage and some are in the latest. Hydrocarbon pro-

duction without water production may occur in the early life of a well. With time,

however, water breakthrough happens and the water content increases thereafter.

The timing of water breakthrough and the rate of increase in water content, vary

greatly from fields to fields. [1]

Table 1 are showing some of the Norwegian fields that have water production with

oil and gas. The production is from a time 2000 to September 2005. By use of

these equation we can find the GOR and WC for all the Norwegian oilfields with

some gas production [7]

GOR =
qg

qo
(4.1)

WC =
qw

qo + qw
(4.2)

Table 1 is showing that many fields are in their late lifestayle as WC range from

50-85 % and new fields have WC from range of 10-45 %. In the early life of wells

the WC may be a few percent, and in the late life the WC may be above 90

percent. The Norwegian field, Troll, is very special because it consist of Troll A

that produces gas and Troll B and C that produce oil [8], so the production value

shown in Table 1 do not contain the entire production, but separate production

from Troll A, B and C. [9],

The GOR ratio vary also from field to field and can be from 50-2800. Be comparing
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the GOR intial [10] for the fields one may observe if the fields have increased or

decreased GOR in the period from 2000-September 2005.

To find out typical deepwater condition for Norwegian oilfields a graph of WC vs

GOR has been made, where the used value for some Norwegian oilfilelds are shown

in Table 1. The oilfields have been selected due to water production. The gas

condensate fields have not been studied, because of there was no water production

present. The graph of WC vs GOR is illustrated in Figure 12. The graph shows

that one have three section, section 1 contains fields that have WC between 60-90

% with GOR from 50-500. Most of these fields in this section are in their late

life stage, as can be shown from the high WC. At section 2 the fields have WC

between 10-40 % with same GOR as previous section. The last section, section

3, have very low WC, from 10-30 %, with GOR from 1000-1500. For further case

of study, WC from each section have been selected with corresponding GOR, as

shown in Table 2.

However, the volume used of bulk chemicals to lower the hydrate formation tem-

perature is proportional to the WC. The volume would in the case of large WC

be very large. Required volume of specialty chemicals is more complicated and do

not need to be proportional, although it increases if the WC increases. The use

of specialty chemicals depends also on the distance from wellhead to processing

facilities or the time it takes to flow the distance. [1]

Table 1 is illustrating that many oilfields have different reservoir tempertaure and

pressure. To find out typical Norwegian reservoir conditions, a graph have been

made as shown in Figure 13. As shown from Table 1 the reservoir temperature

vary from 72 ◦C to 143 ◦C and the pressure vary from 177 bar to 595 bar. The

graph shows that one may observe two cases, case A and case B. For case A the

pressure range is from 300 bar to 600 bar and the temperature range from 70 ◦C to
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150 ◦C. For case B the pressure range from 150 bar to 350 bar with corresponding

temperature from 70 ◦C to 130 ◦C.

By use of the graph it is possible to find out typical Norwegian deepwater condition.

The reservoir temperature and pressure will be used to find out subsea condition

for the further case of study. It is assumed that the subsea condition for pressure

and temperature is 3/4 of the reservoir temperature and pressure, as illustrated in

Table 3. [11]
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5 Cold Flow

Cold flow is an alternative technology on hydrate prevention in pipelines at deep-

water production. This technology aims to eliminate the need for injection of

chemicals and heating under normal operating conditions at seabed. Cold flow is

based on slurry transport of hydrate particles and possibly other solids, like wax.

However, it will only occur when we have reached steady-state operating condi-

tions. The main goal for this technology is to have a technology solution which

allows subsea field development based on long mulitphase wellstream transport.

The only problem that one may have is at the start-up and shut-in of cold flow

technology operations. These operations can be managed by use of chemicals,

or pipe insulation and heating. Whatever system will be selected for start-up

and shut-in operation, it will add cost and complication to deepwater production

facilities. [1],[6]

Both NTNU and SINTEF have done some research work based on cold flow tech-

nology. The works are based on separating gas or water a soon as possible from

the production stream.

5.1 SINTEF Cold Flow Technology, "Seeding and Growing"

SINTEF’s concept is based on making hydrate in a fast and controlled conditions

with all the water from the production stream near the well. This should be done

a soon as the production stream comes from the well. However, the water content

would be not more then 20 % because the free water is not wanted. A free-knockout

of water2, would be used to reduce the water content from the production stream.
2A vertical or horizontal separator used mainly to remove any free water that can cause

problems
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This is very important due to avoid having problem with hydrates later. The

reduced water would be transported as a stable hydrate slurry and the hydrates

should not contain any free water. This will make it possible to avoid any problems

caused by deposits on the pipe wall or agglomeration at stop or start of the flow.

When the free water from the production stream is converted fast to hydrate,

without chemical additives, then one may have used the fact that hydrate surfaces

exhibit a high degree of hydrophilic behaviour. [6]

Later the production stream, containing free water droplets, will be mixed with a

cooled well stream, containing a large number of existing dry hydrate particles, oil

and water. This recycled cooled well stream could be between 50-90 % of the main

well stream. During this mixture the water will quickly coat the hydrate particles

with a thin water film. If the temperature conditions are right, the water will be

converted to hydrates by growing from the existing hydrate surfaces and outwards.

This would ensure that no free water encapsulated within the hydrate particles,

and therefore no agglomeration or deposition can take place later. [6],[12]

The produdtion stream from a subsea well is lead into the hydrate reaction part,

as showned in Figure 14, where most of the free water is knockout as mentioned

above. The water have to be driven quickly to total completion such that no

more solids will be able to deposit later in the process. This will help preventing

further hydrate formation and eliminate the avaiability of free water outside the

reaction zone. The hydrate will be seen as powder particles flowing along with the

production stream. [6]

When the production stream is lead into the hydrate reaction part of the system,

then the dry hydrate particles are mixed in the productuion stream, as can be

showned in Figure 15. These particles are transported with cold hydrocarbons

from a downstream splitter. Further the water in the production stream will
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be converted to hydrate particles well before it reaches the splitter. This would

be done by the fact that the bare pipe is exposed to surroundings ambient sea

temperature. [6]

However, particles that escape without being recirculated will convert to dry, solid

hydrate. The cooling of the bar pipe that occurs due to ambient sea temperature,

will bring the system to ambient sea temperature. This will prevent further con-

densation of water from either liquid or gas hydrocarbone phases through the rest

of the pipeline. The main aim for the splitting the production stream is to have

some fully converted particles, most preferably the largest, proceed downstream,

in equal amount to the content of water in the production stream that enters the

system. [6]

At the end of the system, when the temperature arises and the pressure drops,

the hydrate particles would not melt to free water. However, these particles can

be separated by mechanically separated with a sieve or by gravity in a separator.

The gravity would be dependent of the density of the particles. [6]

The cold flow concept by SINTEF can be used to produce cold slurry from a

well, or from a chain of wells or from an entire field. If more than one well is

included, then the loop may be enlarged so that only one splitter or recirculation

loop is needed, as illustrated in Figure 16. However, the percent of recycling fluid

would depend on how many wells are producing. The more wells incorporated,

the less cold hydrocarbon fluid is needed in the recycling flow. Also the concept

is flexiable, since it can be mounted on existing infrastructure by adding an extra

pipeline. The concept is primarly developed for operating at a new field. [6]
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5.2 NTNU Cold Flow Technology

NTNU have done some research work and found out that liquid with particles

does not engage enough pressure drop compared to liquid in turbulence mixing.

One may expect that the pressure drop should be large due to hydrate, but the

research work show that this is not the case in turbulence mixing. This will make

it possible to use the capacity for compressors and pumps without enlarging it. [1]

Figure 17 is showing the field implementation of the NTNU system. The system

consist of several main units, WHU, SU, HXU and RU. The concept is dependent

on parametres like WC, GOR and other fluid properties to find out how many set

of SU, HXU and RU are required. [1]

However, NTNU have found that the fluids need to be cooled before it reaches the

pipeline. This cooling can done by a heat exchanger arrangment, consiting of a

tube heat exchanger unit and a refrigeration unit. Sea water would not be used as

heat sink in this case due to limiting approach temperature. Since natural cooling

requires large heat trasnfer sufarces, active cooling in small equipment would be

preferred. [1], [13]

In this concept the in-situ gas rate is converted to hydrate. The hydrate formation

is also dependent on how much water is available. If there is enough water to

convert all in-situ associated gas into hydrate. A new paramter, WHR, would in

this case be used to illustrate if all the water would be converted to hydrate, or if

all the associted gas would be converted to hydrate. If the WHR<1 then there is

not enough water present to convert all of the assosciated gas into hydrate. [13]

The production stream will be lead into the wellhead unit from a subsea well. The

gas and liquid mixture will be separated in a SU, where the liquid phase will go to

a HXU. At the RU the gas and cooled liquid phase would by mixed and hydrate
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formation would appear. [1]

At the subsea separator the assocaited gas is separated at high temperature from

the liquid phase and this is done very sufficiently at high temperatur. The separa-

tor would be based on a two-phase separator instead of three-phase separator and

this will simplify the separation of liquid-phase, consisting of water and oil, from

the associated gas. The water content would be much higher in a two-phase sep-

arator in compared to three-phase separator, so the amount of hydrate formated

would be higher. However, the water content would be not more then 15 % in

liquid phase after the separation. [13], [11]

The heat exchanger arrangment would consist of a tube heat exchanger unit and

a refrigeration unit as metion above. The liquid phase would be cooled with

seawater, but it will not cool down to the ambient sea temperature. The tube heat

exchanger can only cool the liquid to lowest 10 ◦C. However, with a refrigeration

unit one may obtain the ambient sea temperatur and should be done with help of

a compressor. The cooling of gas is not necessary, since it would require less effort.

[13]

At the reactor the cooled liquid with ambient sea temperatur is mixed with asso-

ciated gas. The temperatur and the pressure in the reactor should be within the

hydrate forming region, high pressure with low temperatur. Hydrate formation

would occur in turbulence mixing between the cooled liquid and the associated

gas in controlled conditions. Using the fact that the pressure drop in turbulence

mixing would not be so large as expected due to hydrate formation. The outlet

would be hydrate particles with the production fluid. [13]
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5.3 The difference and similar between the concepts

• The concepts are based almost on the same principle to avoid hydrate prob-

lem in pipelines, but they have different way of approaching the problem.

The SINTEF concept use bare steel pipe exposed to the ambient sea tem-

perature and the NTNU concept use a heat exchanger arrangment to cool

down the liquid phase, before it would be lead into a reactor.

• For both concept the water content in the production stream have to be

reduced. A free water knockout and a three-phase separator would be used

to reduce the water content to 15−20 % before the production stream enters

the process.

• SINTEF are adding dry, hydrate particles to production stream. These par-

ticles would "eat" up the water droplet. This would make the particle stabil,

so they do not react with the rest of the fluid.

• NTNU concept creates the hydrate from the starting point, by letting the

assosciated gas react with the water content and form small hydrates parti-

cles, that will flow further with the liquid phase. The excess of gas will also

flow further with the liquid phase.

• Both concepts can handle other coldflow issues, like wax problem

• Larger infrastructure and flexiablity. With SINTEF concept a pipe loop and

a downhole splitter can be mounted on a existing field and for NTNU a set

of SU, HXU and RU can be mounted close to the wellhead. How many set

of SU, HXU and RU are required, depend on GOR, WC and other fluid

properties.

• Both concepts have primary oilfields with some gas as target. However, gas
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and condensate field would also be of interest. Also both concept have as

main goal to eliminate the use of chemical injection. This would help the

concepts to be more enviromentally friendly.
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6 Calculations

When fluids flow from the reservoir to the surface, pressure and temperature de-

crease. This affect the gas-liquid equilibrium and the properties of the gas and

liquid phases. Although the assumption has been made that the subsea tempera-

ture and pressure is 3/4 of the reservoir temperature and pressure, the a black-oil

model would be able to estimate these differences, from a minimum of input data.

[14]

One may assume at subsea that the gas may dissolve in the liquid hydrocarbon

phase, but no oil will dissolve in the gaseous phase. This implies that the compo-

sition of the gaseous phase is assumed the same at all pressure and temperatures.

[14]

The black-oil model assumption is reasonable for mixtures of heavy and light

components, like many reservoir oils are in North Sea. The assumption gets worse

for mixtures containing much of intermediate components (propane, butane), and

is directly misleading for mixtures of light and intermediate components typically

found in condensate reservoirs. However, in this case one may assume that the oil

contains heavy and light components. [14]

As long as liquid and gas are in contact and in thermodynamic equilibrium, the

liquid will be gas saturated at the actual pressure and temperature. The saturation

pressure for a gas-oil system is the pressure at which the gas solubility equals the

producing gas-oil ratio. [14] In this case the producing gas-oil ratio has been found

at standard condition, by use of the production data [9] from the North Sea.

At standard condition the production rate for gas, water and oil have been calcu-

lated, show in Table 4. One may observe that the mass flow rates and densities of

gas, water and oil were first calculated. By use of these equations, the mass flow
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rate of gas, water and oil were found at standard condition. [7]

q =
m

ρ
(6.1)

mtotal = mo + mg + mw (6.2)

GOR =
qg

qo
(6.3)

WC =
qw

qo + qw
(6.4)

These equation would further be use and combine to find out mass flow rates of

gas, water and oil. In this case one may have equal amount of unknown parametres

and equations. The expressions of mass flow rates of gas, oil and water shows that

mass flow rate is a function of GOR, WC and densities of the component. The

mass flow rates would in this case be only dependent on GOR and WC

mg = GORmo
ρg

ρo
(6.5)

mw =
WCmoρw

(1−WC)ρo
(6.6)

mo =
mt

1 + WC
1−WC

ρw
ρo + GORρg

ρo

(6.7)

The density of oil, ρo, vary from field to field. However, there was assumed to
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use an average oil density to simplify the calculation. The average oil density was

found by taking the highest oil density and adding the lowest oil density, before

taking the average of the sum. [10] This would be an acceptable assumption for

oilfields in the North Sea.

The gas compostion was assumed to be 92 % methane, 5 % ethane and 3 % ethane

[11], after making this assumption the specfic gravity of gas, γg, could be found

by the following equation [7]

γg =
Mg

Mair
(6.8)

where Mair=28.97 kg/kJ and Mg is the molecular weight of the gas. The molecular

weight for gas composition made it possible to find out the density of gas, ρg, by

the following equation [14]

ρg = γgρg (6.9)

where the density of air is at standard condition (Tsc = 15 ◦C, Psc=1 atm).

The water density, ρw, is assumed to be 1015 kg/m3. This is been assumed by

the fact that fresh water have density 1000 kg/m3 and seawater have density 1030

kg/m3. The produce water from the reservoir would in most case have a density

in range of 1000− 1030 kg/m3 at surface, so the assumption should be acceptable.

[7].

Table 4 is showing the calculation of production rate for oil, gas and water at

standard condition. The standard condition for the calculation is shown in Table

5. One may observe that the last case is not prossible, due to very high production

of gas compared to oil and water. In this case the total massrate at 30 kg/s would
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be impossible to hold, due to high gas production. This would make it very

difficult to transport the liquid phase, oil and water, without any kind of pump.

The pressure drop would in this case be very high, so it would be not suitable for

further study. As a result new value was selected, as shown in Table 6. These

values was selected by use of the Figure 1 and the fact that more WC was needed

for further study.

After finding the production rate at surface, the same GOR and WC were assumed

to appear at subsea condition. To find out the production rate for gas, oil and water

at subsea condition Glasø’s correlation have been used. The Glasø’s correlation

may give better results for North Sea oil than Standings uncalibrated correlation.

However, it appears to be less thermodynamically consistent, and is based on a

smaller data base. [14]

At subsea condition, shown in Table 7, the gas dissolves in the oil and the mass

of the liquid phase increases. This makes the pressure-volume behaviour of liquid

below the saturation pressure fundamentally different than from above the satura-

tion pressure. In the calculation the pressures at seabed conditions are assumed to

be below the saturation pressure, so both the liquid and gasous phases would be

present at seabed. One may observe effects like expansion of the liquid volume by

the dissolved gas. This should be roughly proportional to amount of gas dissolved

and increase by increasing molecular size (molar volume) of the gas. As a result of

the volume expansion the temperature increase and this will effect the gas solubil-

ity, as it reduces. The overall effect of pressure increase at constant temperature,

will be increased liquid volume. Temperature increase at constant pressure will

result in reduced liquid volume, caused by vaporization. [14]

The formation volume factor for oil and gas at subsea condition should be found,

since both the oil and gas are dependent on the pressure and temperature. The
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formation volume factor for water should be the same at standard condition and

subsea condition.

Before one may find the formation volume factor for oil, Bo, the speific gravity of

oil, γo, should be found by the following equation [7]

γo =
ρo

ρw
(6.10)

where ρw = 1000 kg/m3 is for fresh seawater.

The Glasø‘s correlation have been used to find the formation volume factor for oil,

Bo, at subsea [14]

B∗ = 5.615
γg
γo

0.526

Rs + 1.74T − 445 (6.11)

Bo = 1 + 10(−6.58+2.91(log B∗)−0.276(log B∗)2) (6.12)

The formation volume factor for the gas, Bg, is by definition the ratio of volume at

given temperature and pressure, to volume at standard surface temperature and

pressure. By the general gas equation, this is expressed as [14]

Bg =
po

p

T

T o

z

zo
(6.13)

At surface conditions natural hydrocarbon gas behaves close to ideal. Thus, z = 1

at surface pressure. At subsea condition pressure, the z-factor (supercompressibil-

ity factor) is usually in the order of 0.7 − 0.9. In this case supercompressibility

factor, z-factor, is assumed to be 0.8 at subsea condition.[14]
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The density of oil, ρo, and the density for gas, ρg, are both dependent on the

pressure and temperature and can be found by following equations [14]

ρo =
ρo

o + ρgRs

Bo
(6.14)

ρg =
PMg

zRT
(6.15)

Table 8 is showing the calculated parameters that are important to find the pro-

duction rate at subsea condition. One may observe that the massrate for gas at

seabed condition is much higher then at surface condition. This have to do with

the higher pressure and temperature at seabed and that the gas have not been

dissolved in the oil. This will also explain why the density of oil is much smaller

at subsea then at standard condition. This will affect the production rate of gas

compared to oil and water, since it is very large.

With increasing WC and decreasing GOR, the water production rate increases

and the production rate of gas decreases. This is due to increasing liquid phase

because of the waterbreakthrough and gas been dissolved in oil.

6.1 Calculation on the SINTEF concept

A flow sheet calculation has been made in Excel, to find out how the SINTEF con-

cept on cold flow technology works. Production data for hot fluid (oil/water/gas)

streams from subsea wells have been calculated in the previous section and would

be used to find out all the necessary parameter in the concept. However, Table 9

are showing all the assumption made to simplify the calculation.

The North Sea cases given in Table 6 would be used to simulate 5 cases, with two
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different temperature and pressure, in the concept. The main pipe have assumed

ID = 0.225 m. However, there have been done calculation in this case to find

out if the pipe would be effected by bouyancy. If the pipe would be affected by

bouyancy then concrete coating may be required to hold the pipe at seabed. Figure

18 is showing that the pipe used in SINTEF concept would not have any problem

concerning the bouyancy effect. The bouyancy effect start first at ID of 0.28 m

(11").

The OHTC is a parameter that have been assumed to be 15 [11] and 100 [12]. The

OHTC is a function of the component parts of a pipeline including the parent steel

and any coatings for insulation or protection. [16] However, the OHTC for bare

pipe at seabed, shown in Figure 19, show that the bare pipe have little resistance

to heat loss. [15] One may also observe that the OHTC increases when the OD

of the decreases. This have to do with large thermal conductivity to steel pipe,

ksteel = 50 W/mK at seabed condition. However, the thermal conductivity to

seawater is very low, ksea = 0.65 W/mK. This mean that seawater have large

resistance to heat loss. As the can be observed from Table 19 the OHTC decreases

exponentially with increasing OD of the pipe. The OD would for OHTC = 100

be 0.65 m, but for SINTEF concept the ID used is 0.225 m for main pipe. [6]

In this case concrete coating could have been used to increase the OHTC to the

pipe. By light coating of 3 layer polypropylene the OHTC can increase up to 100.

However, the primary source from a solid (steel pipeline) to a fluid (seawater) will

be convection3 and not conduction4. In this case exposed bare pipe at seabed

would lose heat to the surroundings by convection. [16],

However, shown in Table 10. The mass flow rates of gas, water and oil are the

same as found out at seabed condition. The mass flow rate of hydrate have been
3a process which heat travels through air, water, and other gases and liquids
4a process by which heat passes through or along something
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calculated in consideration that the hydrate composition contain 15wt% water and

85wt% gas. The mass flow rate of hydrate would increase if the mass flow rate of

water increases.

To find out if the system have excess gas or water, the mass fractions of gas, water

and oil were found by the following equation [11]

xfr, i =
m, i

mt
(6.16)

The calculated mass fractions in Table 10 shows that the system have excess of

gas and with the excess of gas it would be very difficult to form hydrate with pre

assumed hydrate composition. The gas would in this case "eat up" the water and

hydrate formation would not occur.

However, the heat required to raise the temperature for the unit mass flow rate

must be found out. In this case the specific heat capacity for water is assumed to

be 4.18 kJ/kgK. This is higher then the specifc heat capacity for gas, Cp,g = 2.141

kJ/kgK, and the assumed specific heat capacity for hydrate, Cp,h = 2.7 kJ/kgK.

As a result, the water plays a more important role then gas, oil and hydrate in

temperature regulation.

The specific heat capacity for oil, Cp,o, should be found by use of following equation

[17]

Cp,a = 2.96− 1.34γo + T (0.00620− 0.00234γo) (6.17)

As one may observe from the equation that the specific heat capacity for oil, Cp,o,

is dependent at which temperature the oil occurs at and the specific gravity of oil,

γo. [17]
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The production stream from the well would not only consist of oil, but also water

and gas. Since the fluid temperature would change a long a pipeline, the fluid’s

specific heat would play an important role. Oil, water and gas have different values

for specific heat capacity. Therefor a mixed specific heat capacity must be found

by following equation [11]

Cp,mix = xgCp,g + xoCp,o + xwCp,w + xhCp,h (6.18)

As can be observe from the equation, the specific heat capacity for hydrate, Cp,h,

have been included. This have been done due to hydrate formation occurs in-

stantaneously. However, as mention earlier the specifc heat capacity for hydrate,

Cp,h = 2.7 kJ/kgK, is very close to the specific heat capacity for gas, Cp,g = 2.141

kJ/kgK. This can be explained from the gas composition (92 % methane, 5 %

ethane and 3 % propane), where the content of methane is very large.

The hydrate formation reaction is highly exothermal, so the increasing temperature

for hydrate was found by the following equation. [18] However, the heat capacity

of hydrate was assumed to be 410 kJ/kg [13]

∆T =
∆H

mtCp,mix
(6.19)

The enthalpy for hydrate, ∆Hh, would be dependent on the mass flow rate of the

hydrate. It would be large if the mass flow rate of hydrate would be large and vice

versa. However, the increasing temperature due to hydrate formation, ∆Th, would

increase if the enthalpy for hydrate, ∆Hh, would increase. This can be observe

from Table 10

Since the bare pipe is exposed to ambient sea temperature, the temperature at the
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downhole splitter should be evaluated, so the given equation was used to find the

temperature at the end of the main pipe [18]

T2 = T + (T1 − T ) exp (
−UπdL

mCp
) (6.20)

Where T2 should be the outlet temperature, T would be the ambient sea temper-

ature and T1 would be the sum of the inlet temperature to the main pipe and the

hydrate formation temperature, ∆Th. In this case it was assumed that the hydrate

was made instantaneously. [11]. However, length from 2− 20 km was only studied

in this case, because the whole loop arrangment should be not more then 20 km.

[12], [11].

Table 11 is showing the temperature is decreasing as the length to the downhole

splitter increases. One may observe that the outlet temperature decreases instan-

tanously after few km of length when the OHTC is 100 instead of 15. The outlet

temperature would be equal to ambient sea temperature after only 4 − 6 km, as

can be shown in Figure 20 and Figure 21. These figures are showing that the

outlet temperature decreases exponential with the length of the pipe. However,

one may notice the big differnece in temperature decreasing with OHTC=15 and

OHTC=100. For the OHTC=100 the heat loss to the surroundigs is much higher

and appears instantaneously after only few km. [15]

At the downhole splitter it was assumed that the splitter splitted 50% of the cold

hydrocarbon fluid. The largest dry hydrate particles with oil and water was recy-

cled back to starting point of the hydrate reactor system. However, this assumed

percent of recycling fluid made it possible to assumed that the recycling pipe had

an area of 1/2 the area of the main pipe. [11] If the recycling fluid had been larger,

then a larger area of recycling pipe would have been required. The recycling fluid
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for SINTEF concept is suppose to be 50− 90% of the main fluid. [12]

Table 12 is showing the recycling fluid consist of water, oil and hydrate. In this

case the gas would not be recycled and this was made as an assumption to avoid

more hydrate formation in the recycling pipe. In this part of the process the

pressure would be to low to transport all the recycling fluid, so a subsea pump is

required to "help" the recycling fluid with the transport. However, there have not

be done any calculation on a susbsea pump in this project, but it is assumed that

it provide enough pressure to the recycling fluid to make it possible to mix with

the production fluid at starting point of the reactor. The pressure drop over the

subsea pump would be assumed to be 2 bar. [11]

At the starting point the inlet temperature to the exposed pipe would be of 50

% from the wellhead and 50 % of the recycling temperature. This will reduce

the inlet temperature to the exposed pipe to be 29.5 ◦C (55 ◦C) and 52 ◦C (100

◦C). Table 13 is showing that the mass flow rate of water oil and hydrate have

increased and this would effect the total mass flow rate, as it increases also. This

would further effect the mass fractions, the entalphy, the specific heat capacity for

the mixing fluid and the increasing hydrate formation temperature.

Table 14 is showing that the increased total massrate have not so large effect on

the outlet temperature, as shown in Figure 22 and Figure 23. The exponential

graph for decreasing outlet temperature would be lowered a little bit. However,

it have been assumed that the recycling pipe was empty in the beginning of the

calculation and a second recycling would give a better result compared to the main

process. This assumption would not been possible in a realistic system, because

the recycling loop would never been empty. [12]

Table 15 is showing the same process as previous, increasing total massrate affect-

ing the massfractions, the entalphy, the specific heat capacity for the mixed fluid
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and the increasing hydrate formation temperature. This would once again not

have so large effect on the outlet temperature, but as shown in Table 16, Figure

22 and Figure 23 the second recycling graph is more closed to the main process

graph then the first recycling graph was. This would be realistic, because the

temperature would only be affected by a few degree by reycling.

6.2 Calculation on the NTNU concept

For the NTNU concept the mass flow rate, production rates and densities of oil,

water and gas would be the same at wellhead as for SINTEF concept. Other

assumption made to simplify the calculation is shown in Table 17.

However, a new paramter, WHR, have been used in the calculation. This parame-

ter is used in the calculation to illustrate whether all of the water will converted to

hydrate, or whether all of the in-situ associated gas will be converted to hydrate.

If the WHR>1 then there is not enough water to convert all of the associated gas

into hydrate. The WHR for this case is calculated to be 0.85, so the system have

not enough water to convert all the associated gas to hydrate.

A subsea separator have been used to separate the liquid phase and gas phase. The

assumption was made that the water would be separated due to higher density

and have been included in the liquid phase after the separation calculation have

been made. This assumptiuon made it possible to make calcultion on only a two-

phase separator instead of three-phase separator. However, a three-phase separator

would be used in a realistic system and the water content would not be more than

15 %. [11]

The gas phase was calculated by the following equation [18]
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qg = Agks(
L

6
)0.58

√
ρl − ρg

ρg
(6.21)

where the separation constant, ks = 0.137m/s for NORSOK. [18]

F = (
L

6
)0.58 (6.22)

where the length factor, F = 1, from NORSOK.[18]

The design of a subsea separator was not determinded by calculation and was

assumed to be a tank-type horizontal separator with length of 6 m and diameter

of 2 m. [13].

To determine the liquid phase from the separator, the velocity for the droplet was

found by the following equation and the time for the droplet to fall to liquid phase

[18]

vb =
3

2
d2g

(ρl − ρg)

18µ
(6.23)

where the d is the assumed diameter for a droplet at 200µm [18]. The viscosity,

µ = 0.3 cP, was assumed. However the time before the droplet was found by

equation [18]

tD =
d

2vb
(6.24)

The residence time should be around 120 s. However, shown in Table 18 it would

be from a range of 23− 32 s for the predefined cases.

The liquid phase is found by the following equation [18]
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ql = Al
L

tD
(6.25)

The area of liquid phase is assumed to be the same as for the gas phase. [18].

This assumption could been made by the fact that two-phase homogenous flow is

assumed to appear in the pipe. As shown in Table 18, the liquid phase would be

a little higher then the gas phase, due to increasing WC. This have to do with the

water content in production fluid that also increases, when WC increases.

The primary goal of the calculation is to describe the cooling done by heat ex-

changer unit in cold flow concept of NTNU. The main challenge being to cool the

produced stream cost effectively to allow the same pipeline inlet temperature at the

surrounding ambient sea temperature. The cooling should be made in two stages,

cooling in a tube heat exchanger and further cooling in a refrigeration plant. [13]

The heat exchanger is assumed to been designed based on the ambient sea temper-

ature, with production rate calculated for typical Norwegian oilfields. However, the

length of the pipeline between the fields have not been taken in the consideration

when the calculation was made and is assumed have less effect on the calculation.

The length should be very small and could be neglected. [13]

The liquid phase from the subsea separator have been cooled by a tube heat

exchanger, as illustrated in Figure 24, but a simple tube heat exchanger could not

achieve low enough temperatur. The tube heat exchanger would in this case only

cool the liquid phase from 100 ◦C or 55 ◦C to 10 ◦C, so a refrigeration unit is

needed to cool further the liquid phase from 10 ◦C to ambient sea temperature.

However, the cooling of the gas phase have not been studied in this project, since

it would require less energy. [13]

Table 19 is showing the calculated area for heat exchanger. The cooling demand,
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Q, have been calcculated by following equation [13]

Q = moCp,o∆T + mwCp,w∆T (6.26)

The cooling demand would in this case not be so large and will vary from 0.08

MW to 4.27 MW. This can be explained from the low water production from the

fields. The cooling demand would increase if the water production increases.

The area of the heat exchanger have been calculated by use of following equation

[18]

A =
Q

U∆TLMTD
(6.27)

where the U is assumed to be 250 for the tube with ID = 0.0254 m [13]. One

may observe from the equation that the area of the heat exchanger increases, if

the value of U descreases. The LMTD function is given by [18]

∆TLMTD =
T1 − T2

ln T1−T
T2−T

(6.28)

T1 would in this case be 100 ◦C or 55 ◦C, T2 would be the wanted low outlet

temperatur 10 ◦C and T would be the ambient seawater temperature.

One may observe that the area for the heat exchanger vary from 14.90m2 to

526.36m2. This have to do with the fact that, the wellhead have in this project

two predefine temperature, 55 ◦C and 100 ◦C. Therefore the ∆T would be differ-

ent and so the area of the heat exchanger would be different. However, the water

production would have an important role in designing the heat exchanger area. If

the water production is very high then the required heat exchanger area increases
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and if the water production is low, as in this case, the heat exchanger area would

be small. However, it is assumed free convection outside the tube and this would

increase the OTHC value. [13]

The reqiured total lenght of the tubes that will make the tube heat exchanger was

calculated by the following equation [18]

L =
A

πd
(6.29)

where the diamter, dtube, of the tubes was assumed to be 0.0254 m. However, the

space between the tubes have not been calculated in this project, but was assumed

to be the same as the diameter of the tube, 0.0254 m. The length of a pipe was

assumed to be 70 m. [13]

The refrigeration plant would consist of four main components which would be

connected by tubes for circulation of th refrigeration working fluid, as illustrated in

Figure 25. In the evaporator, the cooling of liquid phase occurs by evaporating the

refrigerant fluid. The refrigerant vapour from the evaporator would be compressed

to higher pressure with corresponding higher saturation temperature. However, the

heat exchanger with the surrounding sea water in the condenser, would condesed

the refrigerant vapour. The pressure of the refrigerant liquid would reduced in the

expansion valve before it is fed into the evaporator for cooling the liquid phase.

[13]

Table 20 is showing the the cooling demand from 10 ◦C to 4 ◦C and is vary low.

The cooling demand vary from 0.00998 MW to 0.283 MW. The compressor would

in this case assumed to need 1/5 of the cooling demand. The electric power for

the compressor would vary from 0.002 MW to 0.0566 MW.

At the reactor the associated gas and the cooled liquid phase would by mixed by
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turbulent. The reactor would be of a static mixer.[11]. However, the temperature

and pressure most be whithin the hydrate forming region. This mean that the

inlet temperature should be under 12 ◦C and pressure would be above 40.70 bar,

as illustrated in Table 21 and Figure 26 for the predefined cases in the project.

Table 21 is showing the calculation done to find out if the temperature and the

pressure is within the hydrate formating region. The procedure for the calculation

that have been made is the same as for the SINTEF concept. However, one may

observe that the increasing hydrate formation temperature is not so high, but there

would not be a problem in formating hydrate since the pressure is high enough

(150 bar, 375 bar).
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7 Discussion

The field implementation of the SINTEF´s cold flow concept is very flexiable.

One may produce from a single well, or from a chain of wells or a possible from

an entire field. If more than one well is included, then the loop may be enlarged

so that only one splitter or recirculation point is needed. This mean that it would

be possible to mount the concept to an existing system at subsea and only add an

extra pipeline loop. However, the concept have been primarly developed for new

field developement.

The field implementation of the NTNU concept is dependent on the how many

fieds are producing. If there is more then one well, then the production from all

the well would be joint. The production stream would after the joint enter the

SU. However if several field are producing then several set of SU, HXU and RU

are required and depend on GOR, WC and other fluid properties. The hydrate

formation would in this case be done by "force" and not by the environment. The

hydrate formation would appear in smaller area then the pipe length arrangement

for the SINTEF concept. However, the area would on the other side be filled with

arrangement of SU, HXU and RU.

Both concepts have no problem with varying WC and GOR and the location of the

concept could be every where the geologically is possible. There will always be WC

present in production from a subsea well, but water content in the concept would

not be so large. Both concept have free water knockout before the production

stream enter the cold flow concept. Therefore the water content would be not

more than 20% in the concepts. The vary of hydrate forming particles would

either be a problem since either the gas would be eliminated or the water, but it

should be below then 50%
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Since hydrate formation is an exothermic reaction, it can create a problem for

the SINTEF concept. The temperature increasment due to hydrate formation

will creat heat that should be transported to surroundings. The solution for the

SINTEF concept is a 2− 10 km pipeline that cools the solution down to ambient

sea temperature, but is regarded as an engineering challenge.

The concept is based on heat transfer from a pipeline to surrounding seawater.

This would make the concept very dependent on the OTHC value. The concept

would use OTHC=100, but the industry is operating with OTHC=15−20 for bare

pipe at seabed exposed to seawater.

The question arises where the hydrate formation in the pipe would appear. Since

the pipe is exposed to the surrounding ambient sea temperature, the wall of the

pipe would be the coldest place in the pipe. The hydrate formation would often

prefer the coldest place in the system to formate and in this case, it would be the

wall of the pipe. Since the hydrate formation appears at the wall of the pipe, then

the thermal conductivity would play an important role. The thermal conductivity

for seawater is , ksea = 0.65 W/mK. This make the seawater a bad heat transfer

and have a large resistance to heat transport. However, the steel pipe is a much

better heat transfer with a thermal conductivity of, kpipe = 50 W/mK at the

ambient sea temperature and the thermal conductivity for solid gas hydrate would

be, ksea = 0.5 W/mK. As a result the formated hydrate at wall pipe would not

transfer enough heat to steel pipe and this would make it almost impossible for

the steel pipe to transport the heat to the surroundings. Since the heat would

not be transported to the surroundings, a hydrate growth would appear. This

would make the diameter for the fluid to flow smaller and the velocity would

increase. The hydrath growth at the wall would cause friction increasement and

this would result in larger pressure drop.As a result the required length of pipe
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arrangemnet would increase. This would make it difficult to transport the fluid,

since the pressure drop would be large and a pipe arrangement between 2− 10 km

would be not possible to maintain.

Since hydrate and steel are hydrophilic (they like water), one may have to change

the surface properties of the pipewall. This can be done by application of coating

or chemical injection. By coating one may reduce the roughness of the pipe and

the pipe would be acting like a hydrophobic (opposite to like water). However, in

clod flow technology the use of hydrophobic surfaces both in process units and in

the pipeline would be a big advantage.

For the NTNU concept, a heat exchanger arrangement, consisting of a tube heat

exchanger unit and a refrigeration unit, would cool the liquid phase to ambient sea

temperature. In this case the tube heatexchanger would be dependent on OTHC.

If the OTHC value is large, then a larger area is required for the heatexchanger

arrangement. In this project a tube with diameter of 0.0254 m have been used

and one may observe from Table 19 the OTHC value would be higher then 1000.

This would make the tube a good heat transfer medium. However, the question

also arises if the refrigeration unit is required. The calculation have showed that

the pressure is so large that it would be not a problem to be within the hydrate

formation curve without an refrigeration unit.

In this project a two-phase separator was used in the NTNU-concept, but it would

be more appropriate to use a three-phase separator. The water content of the

production fluid would play an very important role in designing the SU, HXU and

RU. For the design of the RU one may start with the information where, WHR=1.

This mean that tha amount of water is equally the amount of hydrate in the

system. If there is a three-phase separator, the water content would be not more

done 15%. This would affect the size of the SU, HXU and RU to be a smaller.
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As shown from the calculation the required area for the tube heatexchanger is

not so large. Therefore the NTNU cocept would not enlarge the capacity of the

equipment an existing field.

For the SINTEF concept there would be challenge to create a felxiable system

that can deal with different fluid and conditions. The amount of hydrates up to

30% will not necessarily give measurable changes in the viscousity of the fluid, but

different cocnditons would demand flexiability in the operating condition. The

fluid would be very difficult to transport at ambient sea temperature, since the oil

would be barely moveable. The difference in viscousity would create limitations

on the transport disctance. This would be as result in large pressuredrop over

long distances. However, the operating condition would be dependent on the WC

and the amount of hydrate forming components, like associtaed gas and free water

from the production stream.

However, both concepts are developed on the base on the oilfields with certain

amount of gas production. If the gas production would be very high, then the

amount of the hydrate formated would be much higher then the amount of water

that is being produced. All the water would then be "eaten up" of the dry hydrate

particle. The transportation of the fluid would be difficult and one may gain

aggolomeration of hydrates. As long as the the amount of dry hydrate particles

and water from the production is equal, no problem should appear in the SINTEF

concept. The NTNU concept would on the other hand not have problem with

different GOR and WC values.

Both SINTEF and NTNU have oilfield as its main target, but they solves the

problem of wax formation. That would make it possible to use the concepts in

gas and condensate field. In this project only oilfield and hydrate formation have

been studied.
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8 Conclusions

• Cold flow is a future technology for preventing hydrate and other deposi-

tions like wax problem. The technology concerns trouble free flow of oil and

gas from deepwater wellheads to processing facilities and is environmentally

friendly because of reduction of use of chemicals.

• Two concept on cold flow, NTNU and SINTEF, have different ways of cool-

ing. These cooling methods are dependent on GOR-WC window and deep-

water production condition to find out if cold flow is appropiate.

• Typical Norwegian deepwater condition for oilfields have been found, where

cold flow technology would be appropiate. The WC is from a range 50− 85

% with corresponding GOR from 125 to 500, the reservoir temperature, TR,

range from 70 ◦C to 150 ◦C with corresponding reservoir pressure, PR, from

150− 600 bar.

• OHTC is a very sensitive parameter for the SINTEF concept and NTNU

concept, both are dependent on this parameter regarding the pipeline arrang-

ment and heat exchanger surface. SINTEF are operating with OHTC=100

for the pipeline arrangment, but the industry are operating with OHTC=15-

20 for pipe at seabed. NTNU are using OTHC=250, but for pipe with small

diameter the OHTC could be up to 1000. This indicates that OHTC is a

key parameter in cold flow technology and requires more research.
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Nomenclature

Latin letters

T - temperature [◦C]

P - pressure [Pa]

m - massrate [kg/s]

M - molar weight [kg/mol]

R - gas constant [kJ/kmolK]

GOR - gas oil ratio [Sm3/Sm3]

Rs - gas oil ratio [Sm3/Sm3]

q - production rate [m3/s]

Bo - formation volume factor oil [m3/Sm3]

Bg - formation volume factor gas [m3/Sm3]

Cp - spesific heat capacity [kJ/kgK]

∆H - enthalpy [kJ/kg]

U - overall heat transfer coefficient [W/m2K]

A - area [m2]

g - force of gravity [m/s2]

vb - velocity for the droplet to fall [m/s]

t - residence time [s]

Q - energy power [kJ/s]

k - thermal conductivity [W/mK]
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Greek letters

ρ - density [kg/m3]

∆T - temperature

γ - specific gravity

µ - viscousity [Pas]

Subscripts and superscripts

R reservoir

sc standard condition

o oil

l liquid

g gas

w water

h hydrate

t total

d diameter

z supercompressibility factor

xfr,i massfraction

Fs factor of the length in a horizontal separator

ks separation constant for liquid and gas phase in a separator

L length

com compressor
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Abbrevations

GOR gas-oil-ratio

MEG methane-ethylene glycol

DEG di-ethylene glycol

TEG tri-ethylene glycol

WC watercut

wt weight percent

WHU wellhead unit

SU seprator unit

HXU heat exchanger unit

RFU refrigeration unit

RU reactor unit

OHTC overall heat transfer coefficient

WHR water-hydrate-ratio

LMTD logarithmic mean temperature difference

ID inner diameter

OD outer diameter

km kilometer
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Tables

Table 1: Data for some Norwegian oilfields
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Case GOR WC
1 250 0.2
2 250 0.7
3 1250 0.15

Table 2: GOR and WC

Tres Pres T P
97 260 55 150
175 650 100 375

Table 3: Temperature and pressure at reservoir- and subsea condition
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Table 4: Data at standard condition

Standard condition
Tsc 15 ◦C
Psc 1.10325 bar
mt 30 kg/s

ρw,fresh 1000 kg/m3

Mair 28.97 kg/kmol
R 8314 kg/kmolK

zsc 1

Table 5: Standard condition assumptions
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Case T P GOR WC
1 55 150 250 0.2
2 55 150 250 0.7
3 100 375 125 0.3
4 100 375 125 0.8
5 100 375 50 0.9

Table 6: GOR and WC from Norwegian Oilfields

Subsea condition
T1 55 ◦C
P1 150 bar
T2 100 ◦C
P2 375 bar
z 0.8

Table 7: Subsea condition assumptions
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Table 8: Data at subsea condition
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SINTEF assumptions
ρw 1015 kg/m3

Mg 17.59 kg/kmol
γg 0.607
ρg 0.7440 kg/m3

ρo 805.5 kg/m3

Cp,w 4.18 kJ/kgK
Cp,g 2.141 kJ/kgK
Tsea 4 ◦C

U 15 W/m2K
U∗ 100 W/m2K

dmain 0.225 m
∆Hh 410 kJ/kg
Cp,h 2.7 kJ/kgK

wtgas 15 %
wtwater 85 %
drecycle 0.159 m

mrecycle 50 %

Table 9: Assumption for SINTEF calculation

Table 10: Data for mainpipe
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Table 11: Outlet temperature mainpipe
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Table 12: First recycling data

Table 13: Data after first recycling
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Table 14: Outlet temperature main pipe after first recycling
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Table 15: Second recycling data
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Table 16: Outlet temperature main pipe after second recycling
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NTNU assumptions
Lseparator 6 m
dseparator 2 m

g 9.81 m/s2

ddroplet 200 µm
ks 0.137 NORSOK
Fs 0.225 NORSOK

UHXU 250 W/m2K
dtube 0.0254 m

Tout,HXU 10 ◦C
Tin,RFU 10 ◦C

Tout,RFU 4 ◦C

Table 17: Assumption made for the calculation of NTNU

Table 18: Horizontal separator calculation

Table 19: The tube heatexchanger calculation
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Table 20: The refrigeration calculation

Table 21: The reactor calculation
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Figures

Figure 1: Pressure-temperature course during transport. Source:[5]
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Figure 2: Flowlines. Source: [5]
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Figure 3: Heating and insulation. Source: [5]
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Figure 4: Depressurization. Source: [5]
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Figure 5: Inhibitor injection. Source: [5]



REFERENCES 64

Figure 6: Growth of hydrate layer on a droplet surrounded be hydrocarbones.
Source: [6]
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Figure 7: Agglomeration of water droplets after hydrate initiation. Source: [6]
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Figure 8: Hydrate covered water droplet inside larger water lumps. The start of
slush like flow behaviour. Source: [6]
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Figure 9: Ongoing conversion of water to hydrate by water transport to surface of
large lumps. Source: [6]
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Figure 10: Break-up of large hydrate lumps. Source: [6]
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Figure 11: A water droplet a dry hydrate particle. After wetting, the water layer
is converted to hydartes from the existing hydrate surface and outwards. Source:
[6]
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Figure 12: WC vs GOR
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Figure 13: PR vs TR
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Figure 14: A schematic description of the hydrate reactor, SINTEF. Source: [6]
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Figure 15: A schematic description of the mixing in the SINTEF concept. Source:
[3]
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Figure 16: Field implementation of the SINTEF concept. Source: [6]
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Figure 17: A schematic description on the field implementation of NTNU concept.
Source: [1]
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Figure 18: Will the pipe float?
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Figure 19: OTHC for bare pipe at seabed
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Figure 20: Tout(55 C) vs L
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Figure 21: Tout(100 C) vs L
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Figure 22: Main vs Recycling for U=15
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Figure 23: Main vs Recycling for U=100
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Figure 24: The tube heatexchanger unit in NTNU concept. Source: [13]
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Figure 25: The refrigeration unit in NTNU concept. Source: [13]
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Figure 26: Bubble, Dewpoint and Hydrate Curves
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A Calculation in Excel

The calculation on the two concepts have been done in Excel. The main calculation
have been on the cooling process of the concepts.
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