Heat transfer 

Potential Operating problems 

Heat loss to the ambience

Thermal insulation in oil and gas production systems are required for the following main reasons: 

· Avoid operation below wax appearance temperature (WAT) to avoid wax deposition totally. (When the flowing temperature drops below WAT, wax deposition will occur). 

· Minimise wax deposition rate, and thereby minimise wax pigging frequency, in case operation below WAT cannot be avoided. Insulation helps because below WAT the rate of wax deposition is proportional to the heat loss to the ambience. 

· Avoid operation below hydrate formation temperature 

· Allow shutdowns without cooldown into hydrate formation region. (Wax formation during shutdown is a lesser problem, as wax deposited during a now flow situation tends to be very soft and is easily removed during restart).

Other (not so common) reasons are: 

· Avoid liquid dropout (water and/or condensate) in wet gas pipelines. 

· Avoid excessive pressure drop due to high viscosity at low temperatures 

· Avoid separation problems due to more stable emulsions at low temperatures.

Thermal insulation is expensive. For deep water risers it can even be a feasibility problem with sufficient insulation to achieve cooldown times required for hydrate prevention during unplanned shutdowns. To avoid expensive “over-insulation” it is therefore important to make correct temperature calculations. Even worse is it if temperature calculations are wrong on the optimistic side, as this may lead to serious operational problems, e.g. cooldown to hydrate formation before all complete hydrate prevention can be achieved, limited turndown ability, too low heating duty in the processing facilities etc.

Joule-Thompson and expansion

The following thermal problems are caused by changes in pressure:

· With gas, the Joule Thompson effect may give temperatures far below zero °C. due to high pressure drop over valves during startup (e.g. over production choke valves). During shutdown of a well, the upper part of the well tubing, will cool down rapidly because the ambient formation temperature is near to the seawater temperature, the tubing is normally not thermally insulated and the tubing is gas filled. This can give the following problems: 

· Low temperature material problems 

· Hydrate and/or ice formation 

· High required hydrate inhibitor injection rate 

· Required hydrate inhibitor injection rate above injection capacity 

· For liquid and high pressure gas, the Joule-Thompson effect may give increased temperature, which may be problem if there are high temperature design temperature problems. 

· During depressurization, severe cooling may be caused by isentropic expansion (lost expansion work for the fluid at the entrance of the pipe which "pushes" i.e. does work on the fluid downstream, due to expansion ) in addition to the Joule-Thompson cooling. This may give temperatures below minimum design. 




Design Problems

Transient problems

The following thermal problems are caused by changes in pressure:

· Long time to heat up a well. The biggest problem in this respect is to calculate the transient temperature correctly. It can also be a problem to start up because of low temperatures over extended times which requires special precaution with hydrate protection (normally with continuous methanol injection during startup) and with material problems. This problem is increased if there is a need for significant choking during startup. 

· Long time to heat up a flowline. During startup it may be required with injection of methanol. Alternatively can the line be heated up (e.g. with hot oil circulation or with heat tracing) before well production startup. 


Modeling problems and uncertainties 

The following general sources to error are considered the main problems:

· Wrong energy equation. For example is the gravity term not included in many commercial packages. 

· PVT with black-oil model and simplification of the energy equation. The pressure effect on temperature is often not included as it is normal to assume that the enthalpy change is given by Cp*dT and that the energy equation is Cp*dT = dQ = heat loss to the ambience over the section dX. For rough calculations this is often good enough approximation, but especially for wells and risers with substantial effect of gravity and pressure drop it is not good enough. 

· Black-oil modeling in general. To account for deviation from ideal fluids (Joule Thompson effect), flashing/evaporation and condensation is difficult with black-oil models. Normally it is however agreed that precise temperature calculations for gas and gas-condensate systems is not possible with blackoil models (should only be used for oil systems). 

· Compositional PVT. If not made properly compositional models may be worse than blackoil, especially near the critical point. The enthalpy for a fluid is a direct function of fluid density and it is well known that liquid densities are often very wrong with EOS models like SRK and PR. Wrong liquid densities results in wrong enthalpies for the liquid. (Since it is easier to tune liquid densities with blackoil models than with compositional models, better enthalpies and hence temperatures may be calculated with blackoil models. Very often the composition is not known and then there is nothing to gain by using compositional models). 

· Uncertainties in well models (discussed under models for wells). 

· Uncertainties for pipelines and bundles (discussed under pipeline and bundle models).




General - definition og problems

When defining the problems, the following questions should be raised: 

· Which problems are foreseen with respect to design, fabrication and installation? 

· Which operating problems may occur? Consider both low or high temperatures 

· Which mechanical (hardware) problems may occur during operation?

· Are simplified methods acceptable or are more detailed analyses required? 

· Can the customer provide overall U-values to be used for the steady state calculations? If so, the calculations problem is significantly simplified. 

· Is the well bore defined such that detailed calculations are possible? 

· Does compositional data exist? If not, accurate wellhead temperatures can hardly be calculated (unless data for enthalpy are available). 

· Are transient calculations needed to establish FWHT versus time after start-up? 

· What are the problems with respect to calculation uncertainties?


General - abbreviations and definitions 

	Abbreviation
	Description
	Unit

	FWHT
	Flow wellhead temperature
	°C

	Cp 
	Specific heat capacity = [image: image1.png].
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	J/kg/K

	Cv 
	Specific heat capacity = [image: image2.png].
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	J/kg/K
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	Massflow
	kg/s

	mCp
	Product of massflow and heat capacity
	W/K

	U
	Overall heat transfer coefficient (normally referred to inner pipe diameter)
	W/m²/K

	H
	Enthalpy 
	J/kg

	Pr
	Prandtl number = Cp*/k
	-

	Reynolds
	Reynolds number = *U*D/
	-

	t
	Temperature
	°C

	t
	Time
	S 

	
	Viscosity
	Ns/m²

	
	Thermal Expansion coefficient = [image: image4.png]1.9
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	1/K
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	Joule Thomson coefficient = (dT/dP)H
	°C/Pa
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	Density 
	Kg/m³
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	Thermal diffusivity = [image: image8.png]k, floxc,)




	m²/s
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	Isothermal compressibility = [image: image10.png]1V x(@V jdP)y




	1/Pa



The following temperature definitions (which may require different conservative assumptions) are suggested for flowing wellhead temperatures: 

· Maximum operating FWHT. This will vary from well to well and with time during the life of the field due to changes in the production rate and composition. This definition has implications for sizing of downstream facilities, calculation of corrosion and scaling rate etc. The input parameters and calculations should be conservative on the high side. 

· Maximum, maximum ("maxmax") operating FWHT. This is the maximum over time and for all the wells. 

· Maximum design FWHT. This is the "maxmax" operating plus a safety margin to account for uncertainties. The same design temperature should be used for all wells and for the whole production life. It has implications for well and flowline-riser design, e.g. material selection and design of expansion loops. 

· Minimum operating FWHT. As with maximum operating FWHT, this will vary from well to well and with time during the life of the field due to changes in the production rate and composition. It is used for sizing of downstream facilities, for example separators, (definition of insulation requirements, heating duty, etc.). Sometimes the minimum operating temperature will be used for capacity calculations and linesizing (in cases with very high viscosities such that low flow conditions gives higher pressure drop than high flow cases). For pipeline design, possible Joule Thomson cooling over the production chokes must be calculated. Note that the lowest temperature in the flowline will normally not be given by the normal flowing condition. Instead it may be given by the ambient temperature, in which case the calculation of minimum FWHT is of no interest. Or it may be given by the flowing temperature shortly after a cold startup. FWHT is then equal to ambient temperature at the Xmas tree and the fluid composition may often be gas due to separation in the well. The question is what pressure drop that occurs over the choke during the cold start-up. 

· Minimum, minimum ("minmin") operating FWHT. This is the minimum over time and for all the wells. 

· Minimum design FWHT. This is the "minmin" operating or shutdown FWHT minus a safety margin to account for uncertainties. It is used for well and pipeline design, e.g. material selection and design of expansion loops. The same design temperature should be used for all wells and for the whole production life. It has implications for well and flowline-riser design like material selection and design of expansion loops. 




Steady state energy balance - basic theory

The following energy balance is generally valid for pipe flow (including frictional heat): 
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(2) [image: image12.png]dQ = U xTIx ID (T - Tamb) xdX
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Total fluid massflow (kg/s)
dH Change in mixture fluid enthalpy (J/kg) over the axial length dX
dX Pipe length (m)
g gravity constant = 9.81 m/s²
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Inclination angle (from the horizontal) (sin 90° = 1.0) 
dEk Change in kinetic energy = [image: image15.png]G
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(u is the velocity) over dX (J/kg)
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Heat loss to the environment (W) from the pipe section of length dX 
[image: image17.png]


Mechanical work (W) performed by the fluid over section length dX 
U Overall heat transfer coefficient referred to inner pipe diameter (W/m²/K)
ID Inner pipe diameter (m)
T Average mixture fluid temperature in the section of length dX (°C)
Tamb Average ambient temperature outside the section of length dX (°C)

To calculate temperature drop from equation (1), the enthalpy can be substituted with the following equations: 
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assuming constant composition, i.e. no condensation and evaporation.
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= Cp = specific heat capacity (J/kg/K) 
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Joule Thompson Coefficient (K/Pa)
Thermal Expansion coefficient = [image: image21.png]1.9
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(1/K)
V Specific volume = 1/ m³/kg
Fluid density kg/m³

The enthalpy change can also be expressed with the following equation:
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Ei Inner fluid thermal energy,

Real fluids
From equations 1-5, assuming no mechanical work performed by the fluid and no change in composition:
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An alternative form, using the Joule Thompson coefficient (= [image: image25.png]


) instead of the thermal expansion coefficient () is:
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Ideal gas
With ideal gas = 1/T or = 0. From equation (3) and assuming no mechanical work: 

(9) dH = Cp x dTP
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Other useful relations:

(11) [image: image28.png]


, [image: image29.png]


= Universal gas constant = 8314 J/mol/K
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From equation 10, the following interesting points are deduced:

· For ideal gas, the fluid temperature does not increase due to wall friction. 

· For ideal gas with no heat loss to the environment, T = -1/Cp x g x sin x X when neglecting the kinetic energy term.



Ideal liquid
For an ideal liquid, the thermal expansion coefficient, , is zero. From equation 5, or from [image: image31.png]


= 0, equation 3 then becomes (no mechanical work included:)

(12) dH = Cp x dT + dP/ = Cp x dT + VxdP ([image: image32.png]dH = dFi + PxdV +V xdP



)

The kinetic energy term with liquid can be neglected, hence equation 1 becomes:
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The gravity term [image: image34.png]gxsin &xdX



cancels out with [image: image35.png]dPip



, i.e:

(14) [image: image36.png]CpxdT = ~U xTIx IDx (T~ Tamb)xdX 1 1~ AP igipn ! ©





The following points are deduced for an ideal liquid:

· No effect of elevation change on temperature 

· Frictional pressure drop increases fluid temperature by: dT = - dPfriction / / Cp ) 

· From equation 6 and 12 and the fact that [image: image37.png]


= 0, it is seen that [image: image38.png]dEi = CpxdT




· This again implies that Cp = Cv, (for solids and real liquids, Cp ~ Cv too)





General transient modeling
(15) [image: image39.png]. 5
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Ek Kinetic energy = [image: image40.png]—u



(u is the velocity) in cell of length dX (J/kg)
Ep Potential energy = [image: image41.png]


(h is height in m) in cell of length dX (J/kg)

For a situation with flow through pipes, the transient term on the right side of eq. 14 is small and can be neglected if there is no accumulation or reduction of mass in a section. However for gas and multiphase flow, mass is often accumulated or reduced with time and then the right term should be included. 

To calculate change in internal energy, dEi, can be done by the following equations:

(16) [image: image42.png]dFi = CvxdT,



, assuming constant composition
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(18) [image: image44.png]


= Isothermal compressibility (1/Pa)

Very often, e.g. for wellflow the left side of equation 14 is zero and then the only transient phenomenon with respect to energy and thermal calculations that needs to be included is the transient heat-up of the formation around the well bore. This is further discussed in the chapter on conduction in the earth/formation. 




Pipelines

Steady state heat transfer coefficients 

The heat loss dQ [W/(meter of pipe)] is calculated from:
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kn = Heat conductivity for layer n [W/m/K] 

Ui = Overall heat transfer coefficient referred to the inner tubing pipe 
diameter, with all layers included out to the cement [W/m²/K]. *
ID = Inner pipe diameter [m] 

IDn = Inner diameter for layer n [m]
OD = Outer diameter of most external layer [m]
hi = Convective film coefficient on the pipe inside [W/m²/K]
ho = Convective film coefficient outside external layer [W/m²/K] 


Unburied pipelines
For unburied pipelines, the external film coefficient, ho, is normally very large compared to the inner film coefficient and conduction through the different layers, including scaling and fouling. The last term (1/ ho) in equation 16 can then be neglected. This applies even for a bare steel pipe, for which convection on the inner wall (hi) and scaling/fouling will determine the overall U-value. 

If, nevertheless the external film coefficient is of interest, it can be calculated from the following equation:(from Davenport, T.C. and Conti, V.J., “Heat Transfer Problems Encountered in the Handling of Waxy Crude Oils in Large Pipelines”, Journal of the Institute of Petroleum”, Vol. 57, Number 555-May 1971.

(21) 
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For transient situations, heat-up and cooldown of the pipe walls must be included. The time constant for thermal transients is in the same order as the retention time for the fluid through the pipe. Hence transient modeling is normally done with a dynamic pipeline simulator like OLGA. 

Buried pipelines
For buried flowlines, the heat transfer from the pipe to the soil, here called ho , can be calculated as follows (from Davenport, T.C. and Conti, V.J):
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If H >> D (deeply buried pipelines), then: 
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H = Height from seabed to center of pipe

For buried flowlines, it takes long time to heat up the soil to reach a steady state U-value. To calculate the U-value over time, ho , can be calculated as follows (from Davenport, T.C. and Conti, V.J): 
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To find the time to reach steady state, equation 30 and 31 are set equal and the equilibrium Fourier number is calculated.

Note that these transient models does not include heat-up of the pipe walls. This takes much shorter time, and should be calculated with numerical codes like OLGA.



Wells

The following main modeling problems and uncertainties exist:

· Transient effects in the earth/formation for a single well 

· Heat transfer between different wells 

· Repeated shutdown and restart 

· Effect of cooling from the ocean. (Vertical heat conduction in the earth/formation around the well bore). 

· Heat transfer in vertical and deviated annuli, where there a mixture of conduction, natural convection and radiation contributes to the heat transfer. 

· Gaslift with cold gas in the annulus. (cross current heat exchanging) 

· Downhole temperatures varies with depth 

· Downhole temperatures varies with location especially where there is a large difference in sea depth between individual wells 

· Geothermal gradient and reservoir. This gradient may vary considerably over the field, especially if the sea depth also varies considerably over the field. 

· Static bottom hole temperature. The reservoir temperature at the same depth may vary over the field due to difference in geothermal gradient and/or sea depth. 

· Flowing bottom hole temperature (FBHT). If there is a large inflow pressure drop, FBHT may be much higher or lower than the reservoir temperature.


Convection and radiation in the annulus

To model natural convection in annuli is not straightforward because:

· It is a combination of conduction, convection and radiation. 

· No literature is available on models for natural convection in concentric very long annuli, except one by Hasan, A.R. and Kabir, C.S.: SPE paper 22948 (1991) where a model for the convection between two parallel plates is suggested used. It is for vertical plates and it is unknown how it works for concentric cylinders. 

· Wells are often deviated wells which may alter the convection flow significantly. 

· The annulus is often partially occupied with gas and the volume of gas is difficult to assess. This may the most important source of error. 

· Fouling. With seawater, scaling starts at temperatures above 30-40 °C. 

· Precipitation of halites (normally sodium chloride) due to injection of methanol. This may reduce convection considerably. 

· Radiation over the annulus. This may be an effect for high temperature wells. Hasan, A.R. and Kabir, C.S.: SPE paper 22948 (1991) presents a model, but source of errors are numerous like uncertain emissivity, which depend on surface finish and view factors among other variables. 


The convection film coefficient in the annulus from Petroleum Experts “Prosper”:
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rci = Inner diameter of inner casing 
rto = Outer diameter of tubing



The radiation term is given by (from PETEX):

(25) [image: image53.png]



= Stefan-Boltzmann constant

e = Emissivity 

The effect of radiation is only significant in case the annulus is filled with gas (which it may become over time also for a brine filled annulus sue to gas migration and liberation into the annulus). 


The conduction term is given by:

(26) [image: image54.png]





The total heat transfer coefficient in the annulus, [image: image55.png]s



, is given by:
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Conduction in the earth/formation 
Heat loss in the wellbore never reaches steady state due to the large thermal mass in the formation around the well. It attains a quasi-steady state in which the rate of heat loss is a monotonically decreasing function of time. Because of this, transient effects will always be present and they must be considered also for steady state calculations. Some problems with this are:

· What is the formation conductivity? Data for thermal conductivity for the earth (rock or soil) around the well is normally not available and they can vary a lot depending on the porosity and moisture content. As an example, heat conductivity for soil can vary from 0.3 to 3 W/m/K depending on the moisture content. With very wet soil, a value close to that of water of 0.6 W/m/K would be expected, but a common value used for thermal calculations is 2 W/m/K for both soil and rock. 

· If OLGA is to be used, how far into the formation is it required to calculate the conduction. If very thick layer is required, the calculation time will drop. 

· What is the influence of wells near to each other (heat transfer between the wells). 

· How to model repeated shutdowns and restarts (with many wells near each other).


The recommended equation for calculation of the convection in the annulus is given in the chapter “recommended model for steady state applications.


Forced convection between fluid and inner tubing walls

The forced convection heat transfer coefficient from the fluid to the inner pipe wall is given the following equation:
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Overall U-value in steady state with transient effect in the formation

Hence, all the resistance to heat transfer is in the formation outside the 
Effect of earth/rock around the well bore

From Chiu, K. and Thakur, S.C., SPE paper 22870 (1991), the heat loss from the well bore is:
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The last term in this equation includes all layers with conduction heat transfer only. The conduction in the annulus is included in [image: image61.png]s
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= Heat conductivity of the cement/earth/formation (W/m/K) * 
kn = Heat conductivity for layer n [W/m/K]
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= Fluid temperature (°C)
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= Virgin (undisturbed) earth temperature (°C)
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= Inner tubing radius
[image: image66.png]a=k,floxC,)



= Thermal diffusivity (m²/s)
[image: image67.png]


= Time after initial well startup (seconds) 

Ui = Overall heat transfer coefficient referred to the inner tubing pipe 
diameter, with all layers included out to the cement [W/m²/K]. * 

ID = Inner tubing pipe diameter = 2 x [image: image68.png]


[m]
IDn = Inner diameter for layer n [m]
OD = Outer diameter on outer casing [m]
hi = Convective heat transfer coefficient on the pipe inside [W/m²/K]

Note * 
It is assumed that the cement has the same heat conductivity and thermal diffusivity as the formation. If this is not the case, the Uvalue out to the outer casing (referred to ID of the tubing) must be replaced with the U-value when the cement is included. In the original paper by Chiu, K. and Thakur, this was actually done. However, since the cement is quite thick it will contribute significantly to the transient effect and it is therefore considered better to include it in the f(t) term.

Effect of heat conduction through the earth in vertical direction
If a well is restarted after a process shutdown of limited duration, equation 23 cannot be used. To account for this, it is referred to Chiu, K. and Thakur, S.C., SPE paper 22870 (1991).

Effect of heat conduction in the formation in vertical direction
If the effect of the heat loss from the well bore in vertical direction through the formation is to be included, it is referred to Aarvik, A. and Strand, B., “Prediction and Measurement of wellhead temperatures”, BHR Group 1998 Multiphase Technology.
This effect is however believed not relevant before after very long times, since the heat diffusion into the formation then must have reached very far – to a distance in the same order as the well depth. After such long times, repeated startup-shutdowns and heat transfer to/from other wells will be more significant than vertical heat loss.



Thermal modeling for bundles and riser towers

The following heat transfer mechanisms are relevant: 

· Forced convection between the fluid and the inner wall (wax or steel pipe) 

· Conduction through wax and the steel pipe 

· Conduction through the steel pipes to the fluid or solid in the tower or sleeve pipe (or carry pipe if there is no sleeve pipe) or other layers and external convection to the ambience. 

· Natural convection in eventual the fluid between the different production pipes 

· Conduction in eventual solid between the different production pipes 

· External convection to the ambience


Compared to gas or a solid insulation material in the space it will be best to have water in the space between the production pipes due to the following:

· Water has much higher heat capacity, which gives increased cooldown time. 

· Water (or another liquid) gives good heat transfer between the production pipes, such that one line can be kept warm during shutdown or production at a low rate from the other(s) lines that are producing.


With water in the space between the production lines and the thermal insulation outside (in figure 1 for example, the space between and around pipe 1,2 and 3), it is possible to simplify the thermal modeling significantly by assuming that the water inside the carry-pipe in the space between and around the production pipes has a homogenous temperature. The thermal modeling is then reduced to a simple symmetrical problem. 

A further simplification, which often is close to correct, is to assume that all everything the main insulation layer has the same temperature and that the heat stored in the insulation layer can be neglected. Then steady state and transient simulation can be done with an analytical model. Calculation of cooldown is described under simplified cooldown modeling).

However, to keep the weight down such that it can float during tow-out, it may be required to have low-density insulation material in all available empty spaces including the space between the production lines. This complicates thermal modeling significantly and rigorous finite element or finite difference models are required.

Simplified steady state calculations for bundles and towers

Using figure 1 as an example, with bare steel pipes 1,2 and 3 and the space between and around these pipes filled with water. Then the heat transfer between these pipes are so much higher than the heat loss to the ambience, that it can be assumed that the temperature is the same for all pipes and the water around them.

Simplified calculation of temperature drop in axial direction can then be based on the sum of “MCp” (massflow times Cp) with the following equation (which is often used for simple individual pipeline calculations also):
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Given the assumptions above, plus the following:

· No mechanical work involved (through for production and export pipelines without pumps or compressors as part of the system under consideration) 

· No effect of composition changes due to evaporation and condensation. 

· Negligible kinetic energy (normally the case for production and export pipelines). 

· Either a near ideal liquid or little effect of gravitational energy 

· If it is a near ideal liquid, little effect of frictional heating 


Then this will give good results for the temperature calculations. The U-value for the total bundle can be defined in a number of ways as long as it gives the correct total heat loss per meter pipe and per °C (= U x x D). To avoid errors it would be best to define U-values per meter pipe, but since the normal convention within heat transfer is to define U as heat transfer per m² (area) and per °C one should stick to that (although some are defining U as heat loss per meter). 

If the U-value is to be defined for one single pipe inside the bundle only, this should be done such that the calculated temperature drop will be correct (e.g. when using equation 32 or with more rigorous models). This is a bit tricky and the following points may help to do this correctly:

· If the requirement for steady state temperature loss for a single pipeline is U1, then if this pipeline is inside a bundle, the required U-value for the same line will be 0.5 * U1 if there is one more producing line inside the bundle and 1/3 * U1 if there is two more producing lines (total of three) inside the bundle, assuming that the mass flow times Cp are the same in the different lines. 

· If only one line is producing inside the bundle, the U-value for the single producing line is proportional to the reference diameter. E.g. with carry pipe diameter 2 times the inner diameter of a production line, the U-value referred to the carry-pipe diameter is 0.5 times the U-value referred to the inner diameter of the single producing line.


If equation 32 is integrated, it gives the following simple equation for axial temperature drop:
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T2 = Bulk fluid temperature out of a pipe with length L [°C]
Tamb = Ambient temperature [°C]
D = Pipe diameter [m]
U = Corresponding overall heat transfer coefficient [W/m²/K]
L = Pipe section length [m]
mxCp = Product of fluid massflow and specific heat [W/K]

Note that it is assumed constant ambient temperature within the section. This is not correct, but the error is normally negligible if the temperature gradient is not very steep. 


Rigorous transient and steady state calculations 

OLGA
OLGA with the bundle module can be used for rigorous steady state calculations as wells as for transient calculations.

The heat transfer between different lines in a pipeline bundle can be calculated with the bundle module. One such bundle consists of one carrier line containing the other lines, one or more multiphase pipelines (OLGA branches) and a number of additional single phase lines. The carrier line and the additional lines can contain different fluids flowing at different flow rates. 
Very often the carrier line will transport a warm fluid that heats up all the other lines including the multiphase line. The heat transfer between the different lines is calculated based on the flow rates in the different lines, their inlet temperatures, the ambient conditions (exterior to the carrier line or one of the additional lines) and the thermal characteristics of the various fluids and pipe materials. 
The flow and temperature in the multiphase lines are calculated using the standard OLGA model, and the presence of the carrier fluid only modifies the boundary conditions for the outer wall layer. The ambient temperature is replaced as boundary condition by the heat transfer from the carrier fluid to the outer OLGA wall layer. The bundle model which calculates the heat exchange between the carrier fluid and the fluids in the other lines, uses the temperature of the outer wall layer as boundary conditions related to the OLGA lines. The heat transfer from the carrier fluid to the outer wall layer of the OLGA line (QSOIL) can be plotted, and if the TBUN (bundle temperature) for the olga-line is plotted, the plotted temperature will be the temperature of the outer wall layer and not the fluid temperature as for the other lines. The WALL temperature calculation option must be specified when the bundle module is used due to the coupling explained above. The steady state pre-processor in OLGA does not take into account the presence of a bundle, and the steady state results are valid for the multiphase pipeline with ambient conditions as specified with the HEATTRANSFER keyword. During the transient calculations with the bundle module, the ambient conditions are considered to be exterior to the line, which has the largest diameter. Heat transfer from each flow line i into the fluid in the carrier line (Ui is the overall H.T.Coeff.) is governed by: 

Qij = Ui*2* Ï *Ri*?Zj*(Tij - T1j)

Where Zj is the section length, Ri is the inner radius and T is temperature. The indices i and j designate line and section respectively, with i=1 for the carrier line. 

The U-value is the combined value of the heat transfer coefficients from the fluid of the individual pipe to its wall (either given or calculated), through the wall, and from the wall to the carrier fluid. A minimum heat transfer coefficient for fluid-wall heat transfer can be given using the HEATTRANSFER keyword. The coefficient given applies to both sides of the specified wall.Crossovers of fluid from the outlet of one line to the inlet of another can be specified. The fluid can be reheated at the crossover. The OLGA line cannot be part of a crossover as the other fluids are single phase. Both the flow rate of and the heat input at the crossovers can be regulated by controllers. Several bundle groups can be specified in either one branch or in different branches. Crossovers between bundle lines in different branches are possible. The mass flow as well as the inlet temperature in each of the single phase lines can be given as a time series. Bundles filled with conductive material (not flowing) between the different lines can be simulated in an approximate way by using the soil module with multiple OLGA-branches.

Other tools
The steady state "Conoco bundle model" is programmed on basis of the SPE paper 56719: "An analytical Model for Flowing Bundle System", Thomas J. Danielson and Lloyd D. Brown, 1999. Code and information ref. Kristin Falk/NOCRC/ABB.

Another programme developed in the TMF (transient multiphase flow) JIP, which is both steady state and transient will also be available.

Natural convection in fluids between pipes

For a horizontal cylinder with free convection on outer surface, the Nusselt number is given as
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Equation 1 - Free convection

D = Outer diameter [m]
h = Natural convection heat transfer coefficient [W/m²/K]
k = Heat conductivity for layer n [W/m/K]
Gr = Grashofs number
Pr = Prandtl number
r = Fluid (here water) density [kg/m³]
m = Fluid (here water) viscosity [Ns/m²]
b = Thermal expansion coefficient [1/K]
T = Temperature difference between wall and bulk fluid (here water)

To calculate h, iteration is required because h varies with Q = total heat transfer. (h is a function T, which is given by the Q).




Simplified cooldown modeling

Transient temperature calculations

An analytical solution is easily obtained for transient temperature calculations if the following conditions are satisfied:

· For steel pipes, pipe-in-pipe, bundles and towers with all thermal insulation outside the outer steel pipe or carry pipe 

· Homogenous and equal temperature in the fluid and pipe walls surrounded by the thermal insulation. 

· Heat stored in the thermal insulation can be neglected. This is often the case as mass of the thermal insulation is low compared to mass of the steel walls and the fluid inside. 

· Convective heat transfer in the fluid surrounded by the thermal insulation is high compared to the total U-value. If there is no forced convection this assumption may not be true, but it will give the most conservative cooldown time (the fastest cooldown). If only natural convection dominates (no forced convection), the overall U-value may be significantly reduced compared to only conductive resistance to heat loss in the thermal insulation. However, calculation of natural convection is by nature very uncertain. In addition axial fluid motion will normally occur and give an uncertain contribution to forced convection.


The analytical solution for the cooldown time () is:

(seconds) = mcp/(U* Ï *D)*ln((tin-tamb)/(tend-tamb))


mcp = Sum of mass times specific heat capacity for all pipe walls and fluid surrounded by the thermal insulation
ID = Diameter with which the U-value is referred to.
U = Overall heat transfer coefficient referred to D. 


If the assumptions above are not valid, it is recommended to apply OLGA.




Bundles and riser towers

Description of concepts
An example of a bundle (Statoil’s Gullfaks South bundle) is shown below: 


[image: image72.png]Heat-up

return line
Slesve ripe

Therrmal nsulation

Heat-up retum line
Optical fibre

Seawater

Heat-up line





Figure 1. Cross section of typical pipe bundle


An example of the riser tower is shown below: 
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PDR = Production flowline
GLR = Gas lift riser
HLR = Heating line return

Figure 2. Cross section of a typical riser tower 

For the bundle a sleeve steel pipe, which is thermally insulated on the inside, is wrapped around the flowlines. The sleeve is filled with seawater. This makes sense since air inside would have given much less thermal mass and more rapid cooldown. Also it would give very low heat transfer between the heat-up pipe and the flowlines. Around the sleeve-pipe is a carrypipe also filled with seawater. The heat loss from the carry-pipe to the ambience is much larger than from the sleeve-pipe to the carry-pipe. Hence water temperature between the carrypipe and the sleeve pipe is approximately 5 °C. A system is provided for heat-up of the flowlines in the bundle by circulation of hot water in the dedicated circulation pipes inside the bundle. This heat-up facility can be used to melt any wax and hydrates. (Wax melting temperature is significantly higher than wax appearance temperature (~ 40 °C) which is again significantly higher than the hydrate formation temperature (20 - 25 °C). 




Typical data

Heat capacity, conductivity, viscosity and density
	Parameter
	Cp 
J/kg/°C
	Conductivity
W/m/K
	Viscosity
CP
	Density
kg/m³

	Produced water 
	4187
	0.6
	0.5-1
	1035

	Oil and condensate
	1800
	0.15
	0.5-1000 
(3 is common)
	700-1000
(850 common for oil)

	Wax
	1800
	0.15
	N.A.
	850-1000

	Gas
	2500
	0.05
	0.02
	= 0.75*P(bar)

	Carbon steel
	500
	45
	N.A.
	7800

	13 % Cr steel
	500
	22
	N.A.
	7800

	Titan
	520
	10 
	N.A.
	4540

	Wet concrete
	2000
	0.5 * 
	N.A.
	2500

	Soil
	2000
	1 *
	N.A.
	1500

	Wet formation rock
	2000
	3 *
	N.A.
	2500

	Inner carcass
	460
	45
	N.A.
	4247

	Coflon
	2000
	0.2
	N.A.
	1717

	Tetawire/armering
	460
	0.9 
	N.A.
	7058

	Rilsan
	2300
	0.3 
	N.A.
	1040

	Fabrictape
	1000
	1.2
	N.A.
	630

	PP adhesive
	2000
	0.3
	N.A.
	1200

	EPDM
	2000
	0.3 
	N.A.
	1200

	PP
	2000
	0.2 
	N.A.
	900

	PPfoam
	2000
	0.2
	N.A.
	740

	PVCfoam
	1000
	0.2
	N.A.
	1000

	PE
	2000
	0.2 
	N.A.
	900

	Polycloropren
	1070
	0.13
	N.A.
	1580

	HD syntactic foam
	1130
	0.12
	N.A.
	500

	Polyurethane foam
	1590
	0.028
	N.A.
	85

	Vikoterm
	1000
	0.27
	N.A.
	1000

	Neopren
	1000
	0.26
	N.A.
	1000

	Asphalt
	1800
	0.15
	N.A.
	950



Note * A normal heat conductivity for the soil and earth/formation around the well bore is 2 W/m/K. For transient calculations of heat flow into the formation, a thermal diffusivity, , of 1.e-6 m²/s is recommended.

Typical U-values
	Part of production system 
	Typical U-value
(W/m²/K)

	Wells (uninsulated)
	10

	Uninsulated, trenched and backfilled flowlines
	20

	Flexible (Coflexip or Wellstream) un-insulated risers
	15

	Pipe-in-pipe (PIP) with maximum insulation
	0.75 -1

	Typical with maximum insulation for hard flexibles pipes without use of PIP concepts
	3

	Heat traced pipes, e.g. “Thermotite”
	4-8 *





Material and hardware problems

High temperature 

The following material and hardware problems may occur due to high temperatures: 

· Thermal expansion of wells, flowlines and risers. For the wells thermal expansion results in elongation of the tubing which must be designed for with the Xmas tree. To avoid buckling of flowlines and export lines due to thermal expansion it is required to install expansion loops and sometimes use rock-dumping. The very highest operating temperature must be conservatively calculated to assess the needs for expansion loops and rock dumping. The cost is high and cooling should be considered. 

· Melting of plastic and rubber/asphalt coatings. 

· Corrosion. Corrosion rate increases exponentially with temperature. In some cases there may be an absolute temperature limit, which must not be exceeded. E.g. if the temperature goes above 40 °C in seawater, then pitting corrosion is a threat for stainless steel.


If the temperature becomes above the highest allowable design temperature, shutdown must be made to avoid damage. However, note that it takes some time to heat up the walls and the flowline such that the high temperature will only last a short period (shorter than what will give the damage) and then shutdown can be avoided. 

Low temperatures

The material problem that may occur due to low temperatures is that temperatures below minimum design (e.g. for the steel, plastic coatings and seals) may occur. Hydrogen embrittlement in metals during sour service must also be considered.(sour service is when H2S concentration is above a certain limit). 

Thermal insulation materials

Heat loss may be significantly increased due to destruction and deterioration
of the thermal insulation materials as a result of the following:

· Compression of foam insulation materials if it is set under pressure. This can solved by having using a PIP concept such that the material does not need to be pressurised, or having a very strong material that can take pressure. 

· Convection inside gas filled foam insulation materials. Increased gas pressure (normally nitrogen or another inert gas) in foam insulation materials has been found to give significant increased convective heat transfer. This was the main reason for why the installed bundle on BP’s Troika field showed up to 10 times the calculated heat loss during the design phase. 

· Mechanical damage during installation or creep during operation (due to thermally or chemical induced material changes) may cause water circulation through the insulation material. Small holes in a plastic coatings may be enough to give significant cooling due to cold water circulation. 


Buried pipelines

The following problems, with respect to heat loss, may occur with buried pipelines: 

· Increased heat-loss due to bare parts, which may occur as a result of buckling (due to thermal expansion) and/or removal of soil due to e.g. seawater current. 

· Large uncertainty in conductivity of the soil (very depending on moisture and porosity). 

· Uncertainty in effect of heat loss due to convection in the soil. 





Summary og recommended methods

For rigorous transient and steady state calculations, OLGA is recommended for all cases. 

With bundles and towers, Olga is presently the only method, but very often simple hand calculations will be sufficient simplifications can often be done as explained above. Gas-lifted wells can be treated as bundles and can thus be modeled with OLGA and the bundle module. 
In cases with bundles with conduction between the pipes, the soil module in OLGA must be used in addition to the bundle and soil module. 
For rigorous simulations with buried flowlines Olga with the soil module should be used. For simpler pipeline calculations, the heat transfer from the pipe to the soil, here called ho , can be calculated from Davenport, T.C. and Conti, V.J (ref /6/).
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