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Abstract

LOOPER is an INNOVATE UK project involving Tata Motors European Technical Centre (TMETC) and University of Brighton. It aims to demonstrate and evaluate the possibility to implement a new system of thermal control for an electric vehicle comprising Heat Pumps and Loop Heat Pipes. In the present work a 1-D Lumped Parameter Model has been developed, able to predict the behaviour of the device in response of varying boundary conditions. A novel procedure for the condenser analysis has been found, describing the phase change with the time derivative of the vapour quality, bypassing the theoretical mistake that would have been committed if considering the specific heat. This model has been implemented in Octave programming language and it has gone through validation procedure showing how the code can capture correctly the trends of the most important physical variables, even without a complete knowledge of the geometrical parameters.
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	Total enthalpy
	
	Medium pore radius

	
	Temperature
	
	Wick tuning parameter

	
	Pressure
	
	Evaporator wall thickness

	
	Volume
	
	Thermal conductivity

	
	Saturation temperature
	
	Convection coefficient

	
	Specific enthalpy of vaporisation
	
	Viscosity

	
	Specific internal energy
	
	Exchange surface

	
	External power
	
	Adiabatic index

	
	Mass
	
	Gravity

	
	Radius
	
	Height

	
	Heat balance resultant
	
	Fluid velocity/ Specific volume

	
	Time
	
	Dittus-Boelter coefficient

	
	Length
	
	Vapour quality

	
	Heat leakage
	
	Reduced pressure

	
	Specific heat
	
	Reynolds and Prandtl numbers

	
	Surface tension
	
	Length of the condenser node

	
	Density
	
	Specific enthalpy

	
	Mass flow rate
	
	Heat lost at the liquid line

	
	Distributed hydraulic resistance
	
	Heat lost at the condenser

	
	Concentrated hydraulic resistance
	
	Thermal resistance vapour grooves/wall

	
	Thermal resistance primary wick/vapour grooves
	
	Thermal resistance wall/primary wick

	
	Thermal resistance primary wick/inlet bayonet
	
	

	Subscripts

	cc
	Compensation Chamber
	vg
	Vapour grooves

	pw
	Primary wick
	wall
	Evaporator wall

	sw
	Secondary wick
	vl
	Vapour line

	1
	Inlet of CC
	vc
	Vapour chamber

	2
	Bayonet inlet
	ll
	Liquid Line

	3
	Bayonet inside the wick
	l
	Liquid

	vo
	Vapour Grooves outlet
	v
	Vapour

	bay
	Bayonet
	2p
	Two-phased

	c/cond
	Condenser
	evap
	Evaporator

	i
	Internal/node of the condenser
	e
	External



Introduction

Worldwide growing request to move away from fossil fuels has pushed the research of alternative source of energy for automotive industry. At the moment the most feasible solution remains the electric vehicle. As a matter of fact, some of the biggest automotive companies have started to sell electric vehicles on a world wide scale (some examples are Nissan Leaf, Tesla Model S and the Renault Zoe). Due to the absence of a combustion engine, there is no source of hot air to heat the cabin, therefore batteries will have to support also this kind of effort. In order not to decrement the performance of the vehicle or increase weight or cost, passive devices for heat transfer are becoming main subjects of studies also in the automotive sector, after been widely implemented in space systems. The objective of the present work is to understand if and how the Loop Heat Pipe (LHP), a two-phase based device able to transfer heat for long distances, can be integrated in the heating/cooling distribution system of  BEV (Battery Electric Vehicle). 
A LHP is a special type of heat pipe. It was developed in the Soviet Union in the early 1980s and its most unique feature is that it can transfer heat over long distances (∿10-20 m) with relatively small costs.
A Heat Pipe (HP) constitutes one of the best known passive thermal devices, with a very low effective thermal resistance. It is a two-phase flow based device, that exploits cyclic phase changes of a working fluid, removing heat from a certain component and subsequently releasing it to a cold part [1]. The motion force of the fluid is the capillarity condition that generates inside a porous structure called wick, in which the liquid has a Bond number equal or minor of 2 [2]. Thanks to this, other active sources are not required, making the heat pipe technology so appealing.
The heat transfer mechanism is based on the latent heat of vaporization, which is usually very high and therefore quite big quantities of heat can be removed even for small temperature differences between the two ends. The effective thermal conductivity of a HP can be even hundred times higher than that of a solid copper tube with the same dimensions [3].
The LHP differs from the standard wicked HP from the fact that the wick is present in the evaporator only, allowing heat transfer along big distances (~20 m [4]) at a lower cost than the HP. It is composed by a wicked evaporator, a compensation chamber, a vapour line, a condenser and a liquid line, as illustrated in Fig. 1.. 
When the evaporator is in contact with the hot source, the working fluid inside the wick evaporates and the action of capillarity on the liquid makes the vapour to flow only in one direction, through the vapour line into the condenser. In the condenser, condensation occurs releasing heat to the surroundings. From the condenser, the liquid (usually subcooled) returns to the evaporator via the liquid line.
The heat and mass transfer inside the evaporator works in this fashion (Fig. 1): when the liquid pass through the bayonet (also called evaporator core) it wets the secondary wick. From there, it gets pushed to the primary wick, by capillary action. When heat is provided, evaporation occurs from both sides of the wick. Hence, from the total amount of vapour that is generated by evaporation, the majority flows into the vapour grooves and then to the vapour line, while the remaining part flows through some non-wicked passage (dug into the secondary wick) to the compensation chamber. The heat that evaporates the liquid in the inner side of the primary wick is a design factor that must be minimised. It is known as heat leakage (also known as parasitic heat or back conduction) and it is usually estimated of being 10% of the total heat [5].
The Compensation Chamber can be considered as part of the evaporator. It is a reservoir where both the liquid and vapour phases of the working fluid are present. In more detail, it receives vapour from the internal surface of the primary wick and provides condensed liquid to the secondary wick. Moreover, it provides the working liquid to the secondary wick in cases that dry out occurs. 
The most common manufacturing materials are stainless steel and aluminium for the pipes and container, and titanium, copper and nickel for the wick structures. The most common working fluids are water, ammonia and methanol.
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[bookmark: _Ref475710571]Fig. 1 - LHP schematic.
In the present investigation, a 1-D lumped parameter model in Octave programming language, has been developed.

Lumped Parameter Model (LPM)

A lumped parameter model simplifies the behaviour of a physical system concentrating different entities in discrete points or nodes where the variables of interest are calculated, under some assumptions. In this way, the difficulties of integrating along actual geometries are avoided. Equivalent properties are attributed to each node taking into consideration the effective geometry. With the LPM, the electric thermal electrical [6] and hydraulic electrical [7] analogies are used to analyse the system. The principal features are listed in the following table.
[bookmark: _Ref455044397][bookmark: _Toc332019310]Table 1 - Electric analogies. Rt is the thermal resistance, Rd is the pressure resistance (pressure drop) associated to the distributed losses and Rc is the pressure resistance (pressure drop) associated to the concentrated losses.
	Value
	Electrical
	Thermal
	Hydraulic

	Potential
(value on the nodes)
	Electric Potential
	Temperature
	Pressure

	Flux
(value travelling the net)
	Current
	Heat Transfer Rate
	Volumetric flow rate

	Resistance
	
	
	

	Fundamental Law
(for Lumped Parameter Model)
	
Ohm’s Law
	
Newton’s Law
	
Poiseville’s Law


The result of this approach is a simplified Ordinary Differential Equation (ODE) system for transient conditions, or a normal algebraic system of equations for steady-state conditions.
Hence, an approximate but still very accurate solution is achieved, reducing significantly the computational time and allowing scientists and engineers to focus on the variation of controlling parameters, in order to design and optimise the device/components under consideration.

Mathematical Framework

The lumped parameter model developed for the simulation of the LHP behaviour comprehends a section for the start up and four additional sections (evaporator, liquid and vapour line and condenser) in accordance to the actual components division of the system (Fig. 1). 
The general assumptions are:
1. one dimensional domain;
2. lumped parameter approach;
3. liquid assumed as incompressible;
4. vapour assumed as compressible and ideal gas;
5. adiabatic transformations into the vapour line;
6. all the LHP components have a cylindrical geometry;
7. the pressure and temperature dependence of working fluid parameters, such as density, viscosity, thermal conductibility and so on, are calculated considering polynomial fits obtained using empirical data [8];

3.1 [bookmark: _Toc462056423][bookmark: _Toc336666401][bookmark: _Toc466715238]Start Up
Aiming to represent a real application, all the parts are at the beginning at same ambient temperature There four different start-up scenarios, in this case it was chosen the most favorable one where liquid fills the wick and the bayonet and vapour is present in the vapour grooves (since the LHP is evacuated). In this case the loop will start immediately as soon as the external heat load is applied [9]. In this work although the term start-up will refer to the time that the LHP takes to dissipate all the heat in input, in other words the time it takes to reach steady state conditions.
Starting from the ambient temperature, the fluid assumes the saturation pressure corresponding to. Since the LHP is an enclosed system with known filling ratio volume, this transient condition has to be treated as an isochoric heating, therefore pressure needs to be incremented alongside the temperature in order to get to the point when temperature is high enough to dissipate the required amount of heat. 
The procedure is to chase the pressure corresponding to the new value of internal energy of the liquid-vapour mixture, given by the following equation:
	
	
	(1) 


where the internal energy of the mixture is obtained by the following  in which .
This operation will be repeated every time step aiming to respect the heat balance equation:
	
	
	(2) [bookmark: _Ref478043206]


where and  are the heat dissipated respectively at the condenser and at the liquid line (the vapour line is adiabatic). From equation (2), considering the usage of a discrete time step, comes the parameter  in equation (1):
	
	
	(3) 


In the model, the last term on the right-hand side is treated as a discrete difference divided by the integration time step.
To conclude the start-up calculations, the mass flow rate is obtained, considering the dependency from the temperature of the heat of vaporisation:
	
	
	(4) [bookmark: _Ref475954612]


3.2 [bookmark: _Toc462056424][bookmark: _Toc336666402][bookmark: _Toc466715239]Evaporator
It was chosen to de-couple the compensation chamber from the evaporator (the schematic configuration is represented in Fig. 2) and analyse these two domains separately.
[image: ]
[bookmark: _Ref348277644]Fig. 2. Evaporation / Compensation Chamber schematic.
The parameter in Fig. 2 represents the amount of heat that goes wasted into vaporizing the liquid in the inner side of the primary wick. This vapour flows inside the CC carrying the  (thus the arrow in Fig. 2). The heat leakage is complex to predict, since it depends on the geometry, the distribution of the non-wicked passages inside the wicks, and the way that the CC and the actual evaporator are coupled. An initial value of   was assumed, as suggested by the literature. There are no other ways for the heat in input to go that are not the liquid vaporization or the leaking in the CC [10].
Flowing inside the bayonet, liquid enters the compensation chamber, as shown in Fig. 2. Therefore the liquid inside the bayonet and the liquid inside the CC have the same temperature ( ). Since the compensation chamber contains both liquid and vapour,   was considered as the saturation temperature for that node.
Applying the energy balance equation to the compensation chamber domain:
	
	
	(5) 


which leaves as the only unknown.
Since CC contains both phases of the working fluid, it should also be at saturated conditions. Using the calculated value of , the pressure of the CC can be also calculated (). 
As for the evaporator domain, Fig. 3 represents the thermal network used to analyse it. The indicted arrows on the thermal network represent the heat flow rate directions, similarly to what happens with the electrical currents in an electric circuit. 
Writing the balance equation for every node:

	
	(6) 

	
	(7) 

	
	(8) 



where the signs are derived according to the arrows directions in Fig. 3. 
[image: ]
[bookmark: _Ref348277930][bookmark: _Toc466716164]Fig. 3. Thermal Network schematic.
In equation (5) in addition to the sensible heat terms, there is also the enthalpy flows difference between inlet and outlet point of the vapour grooves. That is to take into account the amount of superheat that the vapour grooves may have. In fact, at the entrance of the groove, the vapour is at the saturation temperature due to the evaporation inside the primary wick. To express the evaporation phenomena in the primary wick, the removal of the latent heat is taken into account by the last term within the square brackets, in equation (6). Below the thermal resistances are reported: 
	
	

	

	


where  is the convection coefficient inside the vapour grooves and  is the exchange surface, assumed as rectangular shape.
Equations (5), (6) and (7) constitute the ODE system that solves the temperature problem for the evaporator domain.
As for the pressure problem, starting from pressure and using the electric-hydraulic analogy:

	
	
	
	(9) 

	
	
	
	(10) 


In order for the fluid to circulate inside the device, a positive  due to capillarity needs to be applied by the wicks, governed by the Laplace-Young equation [10]:
	
	
	(11) 


where   is the medium pore radius and is the angle of the menisci at the wick pore.
This  must compensate the sum of all the pressure drops along the LHP. Thus, the pressure balance equation is the following:
	
	
	(12) 


Since equation (10) has a geometry dependency, a tuning parameter  was added to act on the balance of that equation:
	
	

	(13) 


The tuning parameter is calculated from the solution of Equation (15) at the previous time step:
	
	
	(14) 


This procedure is reasonable since the curvature of the menisci changes naturally in order to have a capillary pressure that balances the total pressure drop in the loop [11]. The parameter was used instead of since the focus of this work is not in the wick menisci.
To conclude the pressure problem for the evaporator, pressure drop inside the vapour grooves is calculated:
	
	
	
	(15) 


3.3 [bookmark: _Toc462056425][bookmark: _Toc336666403][bookmark: _Toc466715240]Vapour Line
In Fig. 4 a zoom of the vapour line schematic is provided, in which is evident the vapour chamber that collects the vapour form the different vapour grooves. Generally, the node differentiation for the vapour line (and following the liquid line as well) is made placing a node before and after every bend.

[image: ]
[bookmark: _Ref348278703]Fig. 4. Vapour Line schematic.
Recalling assumptions 4 and 5, vapour is assumed to be an ideal and compressible gas and the vapour line is adiabatic. Therefore polytrophic relations with exponent  are used [12]:
	
	
	(16) 

	
	
	(17) 


where    is the adiabatic index.
The explanation of the iterative procedure will go through the use of the index indicating the node number. From the evaporator solution, temperature and pressure at the start of the vapour line are known, hence:
	
	
	(18) 


where:
·   is equal to zero for the first two nodes, where the pressure loss is due only to the cross-sectional area change;
·  after the first two nodes is estimated only at the odd nodes (since the node subdivision accounts for the turns only);
· is the pressure drop due to gravity, which depends from the position of the condenser with respect to the evaporator, i.e. if the latter is at a highest quote  will have a negative sign.
	
	
	(19) 

	
	
	(20) 

	
	
	(21) 


The value  is equal to  for the first node,  for the second node, and  for the remaining.
This procedure will be repeated for every node and will bring the values for temperature and pressure at the inlet of the condenser. 

3.4 [bookmark: _Toc466715241]Condenser 
The condenser is composed by a part where the actual condensation takes place, plus eventually a part used to subcool the liquid in order to match the rise of the temperature in the compensation chamber. The first node of the condenser is considered to have a vapour quality of unity, assuming that no premature condensation happens inside the vapour line.
Working fluid properties when the considered regime is two-phase flow are calculated using empirical relations as follows:
· Internal convective heat transfer coefficient (Shah’s Correlation [13]):

	
	
	(22) 



where  is the liquid convection coefficient from Dittus-Boelter and  is the reduced pressure;
· Two phase density is calculated as a weighted average density of the two-phase components with the vapour quality:
	
	
	(23) 


· Two phase viscosity is calculated as follows [14]:

	
	(24) 


Since it is a transient problem, the number of condenser nodes  depends on the integration time step. Therefore  is calculated considering that the mass of the single node needs to be equal to the mass of liquid corresponding to the quantity of working fluid passing through the node at each integration time step:
	
	
	(25) 

	
	
	(26) 


Since the mass flow rate is a function of the external heat, the number of nodes are also function of the external heat. Therefore, the lower the heat input, the higher is the number of nodes and thus the computational time.
The iterative procedure is the following, starting from the pressure:

	
	
	(27) 


where:
·  is the distributed pressure drop, with  the length discretisation of the condenser duct;
·  is the concentrated pressure drop due to turn or sudden change in the pipe section, therefore it is not always present.
For the temperature problem, the starting points are the equations of conservation for energy and mass:
	Energy
	
	(28) 

	Mass
	
	(29) 


From the mass balance, since there is not mass input in time in a single control volume representing the node:
	
	
	(30) 

	
	
	(31) 


This allows to unravel equation (29):
	
	
	(32) 


Both vapour and liquid enthalpies are functions of the temperature only, and since only phase change processes are considered, the temperature is constant, as a result  and  can exit the derivative. Moreover, density values  and  are calculated from the two-phase relations as a function of the pressure difference between two nodes, thus they can exit the derivative too:

	
	
	(33) 


where:
·  is the enthalpy of vaporisation;
·  is the difference of enthalpy between two adjacent nodes, where the single node enthalpy is a function of the temperature and the vapour quality, ;
·  is the heat lost to the cold source at every node, defined accordingly to
	
	
	(34) 


where the temperature of the node is calculated from the solution of the pressure problem (note that during phase change processes, the working fluid is under the saturation curve). 
Coming back to equation (32), considering that, it is possible to express the differential equation of the condenser as a function of vapour quality only:
	 
	(35) 

	 
	(36) 


Since the total mass is constant:
	
	
	(37) 


This approach, to the author’s best knowledge, is a novelty regarding the description of the condenser behaviour.
Summarising, the sequence for the condenser solution is the following (Fig. 5):
1) node pressure  is calculated;
2) due to saturated relations, also temperature  is obtained since phase change is occurring (while is known from the previous node);
3) supplying the differential equation (35) with the two temperatures, the vapour quality at the node is evaluated;
4) using this last parameter, the fluid properties for the next node are calculated, thanks to the empirical relations for the two phase conditions, and therefore the cycle is closed.

[image: ]
[bookmark: _Ref348279795]Fig. 5. Condenser solution procedure.

3.5 [bookmark: _Toc462056427][bookmark: _Ref462763389][bookmark: _Ref462763405][bookmark: _Toc336666405][bookmark: _Toc466715242]Liquid Line
The liquid is incompressible and subcooled and the temperature of the surroundings  is known from the boundary conditions.In this part of the model the starting point is the heat exchanged at the node:
	
	
	(38) 


where:
· ;
·   with ndb the Dittus-Boelter coefficient which is 0.4 for heating and 0.3 for cooling [15];
· natural or free convection coefficient.
For the pressure:
	
	
	(39) 


where  when i is an odd number and  is the pressure drop due to gravity, which in this case helps the fluid motion.
For consistency, the definitions of  and  are reported:
	
	
	(40)    


To close the cycle:
	
	
	(41) 

	
	
	(42) 

	
	
	(43) 


The temperature of the last node of the liquid is going to be  for the evaporator at the following time step, and thus the cycle is repeated.

Numerical validation

In order to prove the effectiveness of the model, a validation through literature was sought, with the purpose of replicating experimental results. Obviously, it is not expected a sterling precision since usually not all the physical/geometrical parameters are reported in the common papers.
Satisfactory results were obtained reproducing the results by Pouzet et al. [16], where they were interested in the response to both an upward and a downward swing of the externally applied heat, comparing experimental results with their simulations. Thus, the externally applied heat was varied from 200 W to 400 W and then back to 200 W.
But first of all, it was deemed appropriated to check the physical reliability of the model. To prove that, it was chosen to replicate qualitatively the following graph by Hoang and Ku [5]:

	[image: ]
	


Fig. 6 - Qualitative temperatures trends comparison between Hoang and Ku (left) [5] and LOOPER (right).
Following will be presented the comparison between LOOPER model predictions with the numerical model predictions presented in the abovementioned paper as well as with the proposed experimental measurements.


Fig. 7 - Evaporator wall temperatures comparison

Fig. 8 - Compensation chamber temperature comparison

Fig. 9 - Mass flow rate comparison

Fig. 10 - Primary wick and vapour grooves temperatures comparison
From Fig. 6 the comparison shows that the model is able to capture the trend of the evaporator wall temperature with a small error, but is also able to predict the overshoot in the upward variation of external heat, in contradiction to the theoretical model of the paper. A bigger than expected overshoot is observed in the downward variation of the external heat, and it is the authors’ opinion that this is due to the bigger thermal inertia accumulated by the fluid that suddenly renders the dissipation of heat done by the condenser too high. 
Fig. 7 shows the comparison of the compensation chamber temperature, which presents qualitatively the same pattern of the evaporator wall, in the sense that at the increase of heat load there is small overshoot, which is captured correctly. Whereas on the decrease of heat load the overshoot is again over predicted. The temperature error is similar to the error for the evaporator wall and it is within the expected range.
Taking a look at Fig. 8 regarding the variation of the mass flow rate, in LOOPER model is kept constant in every part of the loop, therefore if it is compared to the condenser outlet values of the paper a quite precise replica can be observed. Also the error in this case is lower since mass flow rate depends only from external heat and heat of vaporisation of the working fluid.
Quite interesting is Fig. 9 where primary wick temperature (liquid under the meniscus) and vapour grooves (vaporisation at the evaporator) are compared. The LOOPER model is able to predict the opposite behaviour of the two nodes, even if their temperature difference is bigger than the one measured by the paper. This inverse pattern between wick and vapour grooves allows the evaporator to be thermally stable. 
[bookmark: _GoBack]
Parametric Analysis

This part of the work gives important useful information for the design phase and it also illustrates the usefulness of the developed code as a design tool.  The followed methodology is: starting from the reference geometry, increase and decrease of 20% one parameter at the time, to isolate its effect in the LHP operation. The parameters on which the variations were applied are the ones that can be changed by design, that: internal radius of the condenser, thickness of the condenser pipe , thickness of the evaporator wall, length of the condenser, radius and length of the primary wick , porosity, radius of vapour grooves , , liquid and vapour line internal radius , initial pressure , heat leakage  and ambient temperature .
The results of this parametric analysis is the effect of the variation of the these parameters on the performance properties such as vapour quality, maximum temperature, total thermal resistance, total mass, start up time and maximum pressure.
The geometry is the same of the one used by Pouzet et al..
Firstly, it will be presented the effect of the variation of the single parameter on the performance of the LHP:

[bookmark: _Ref481754262]Table 2 - Effect on single parameters on performances
	
	

	
	

	
	

	
	

	
	

	
	

	
	



From Table 2 the flowing considerations are drown:
· condenser internal radius reduction hinders the vapour quality while helps the other factors, especially the startup time;
· condenser pipe thickness increase hinders all the factors, especially for the thermal resistance but besides the startup time. The effect here are quite strong;
· thickness of the evaporator shell plays an opposite effect on startup time with respect to thermal resistance and mass. Is not playing a significant role on maximum temperature and pressure or vapour quality;
· the longer the condenser is the better is for startup time and thermal resistance especially but also for temperature and pressure. Vapour quality in this case is not affected, but is the authors’ opinion that this is case sensitive;
· radius of the primary wick can influence quite a bit the thermal resistance, and a little bit the temperature but not the other factors;
· the longer the primary wick is the better is for the thermal resistance;
· variation of some parameters have negligible effects on the performance parameter, such as porosity, number of vapour grooves (which effects lightly the maximum pressure), vapour grooves radius and the heat leakage;
· starting pressure increase increases vapour quality, maximum temperature and pressure and most of all thermal resistance. It helps a lot the startup time;
· the radius of liquid line and vapour line don’t have particular physical influences, expect on the total mass;
· ambient temperature deeply affects maximum temperature and pressure.
Furthermore, with these data is possible to plot which design parameters plays a bigger impact on a single performance factor:


Fig. 11- Effect on vapour quality

Fig. 12 - Effect on maximum Temperature

Fig. 13 - Effect on total thermal resistance

Fig. 14 - Effect on total mass

Fig. 15 - Effect on start-up time

Fig. 16 - Effect on maximum Pressure
From the previous graphs it is clear how the thickness of the condenser pipe is a very important design parameter, since it influences the thermal resistance of the pipe. Other important parameters are internal radius of the condenser, ambient temperature, thickness of the evaporator wall, length of the primary wick.
Lastly, it was investigated how these design parameters affect the heat balance. The results shown in Fig. 17 remark the importance of . Also the initial pressure, the length of the condenser and the primary wick radius.


[bookmark: _Ref481761200]Fig. 17 - Effect on the resultant of the heat balance equation

Conclusions

A one-dimensional lumped parameter model characterizing thermally a Loop Heat Pipe has been created in an open source software such as Octave. Due to the lumped parameter approach and the mono dimensionality, it provides appreciable results with small computational time. In fact, depending on the external heat, it can have minor difference between the computational time and the simulated time.
A new strategy to express the phase change has been formulated utilizing the differential variation of the vapour quality, making possible to avoid using the specific heat in the phase change processes.
Moreover, validation processes has been carried out to prove the code reliability and results were satisfactory. Without some information about parameters both on the geometrical and the physical side, the model is able to capture trends of the main variables with reasonable accuracy.
In addition a parametric analysis between design and performance parameters has been carried out, allowing to a better understanding of the most important ones.
For future developments, experimental data with a precise knowledge of the configuration and boundary conditions are needed in order to improve the code precision. Moreover it could be interesting to perform more analysis with different fluids and materials.
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T (K)
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mass flow rate (kg/s)
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T (K)




vapour quality	-0.2	-0.1	-0.05	0.05	0.1	0.2	7.8173886611261206E-2	3.715161573705815E-2	1.8173804166236256E-2	-1.7383191065946359E-2	-3.4304221364515733E-2	-6.5190098718754766E-2	Tmax	-0.2	-0.1	-0.05	0.05	0.1	0.2	-1.3241075820182273E-2	-7.1064156720027907E-3	-3.6129797694851294E-3	3.7149053368161992E-3	7.3926467159825381E-3	1.5221225590437093E-2	Rtot	-0.2	-0.1	-0.05	0.05	0.1	0.2	-4.11353411452458E-2	-2.2042974009575007E-2	-1.1197151441874468E-2	1.1491684656518512E-2	2.2847343422178177E-2	4.6949541748953293E-2	mass	-0.2	-0.1	-0.05	0.05	0.1	0.2	-4.9393261706217127E-2	-2.4696630853108564E-2	-1.2348315426554356E-2	1.2348315426562541E-2	2.4696630853116897E-2	4.9393261706225461E-2	tstart	-0.2	-0.1	-0.05	0.05	0.1	0.2	-0.12499999999999996	-7.8947368421052697E-2	-4.6052631578947407E-2	1.9736842105263174E-2	6.5789473684210578E-2	Pmax	-0.2	-0.1	-0.05	0.05	0.1	0.2	-1.0089480826453109E-2	-5.4248332236598341E-3	-2.760851923165547E-3	2.8447582701490956E-3	5.6670449380897703E-3	1.1694499539483511E-2	Ri_cond


% Performance




vapour quality	-0.1	-0.05	0.05	0.1	0.2	-0.51246249560422519	-0.18933648527891234	0.11728663610762313	0.19880089957149455	0.3116023341453581	Tmax	-0.1	-0.05	0.05	0.1	0.2	-0.11253997140309001	-6.2624662242511744E-2	6.284773407545341E-2	0.12256285442792633	0.22393875851911382	Rtot	-0.1	-0.05	0.05	0.1	0.2	-0.35873067406304404	-0.1970306047393651	0.19153311611084653	0.36803499171813275	0.65590324297583436	mass	-0.1	-0.05	0.05	0.1	0.2	-0.21450787940988636	-0.11007641180244288	0.11572135599744272	0.23708765618987723	0.49675508915974642	tstart	-0.1	-0.05	0.05	0.1	0.2	-9.2105263157894815E-2	-0.17105263157894737	Pmax	-0.1	-0.05	0.05	0.1	0.2	-8.3361081409669135E-2	-4.7058806010339842E-2	4.8946443782944632E-2	9.7076533873944645E-2	0.18248851592814605	re_cond


% performance




vapour quality	-0.2	-0.1	-0.05	0.05	0.1	0.2	-1.6390624353632421E-3	-1.2017608283479424E-3	-7.1970461547497984E-4	1.0461083756153197E-3	2.4239890176486582E-3	6.477092972198545E-3	Tmax	-0.2	-0.1	-0.05	0.05	0.1	0.2	1.0011185644957624E-2	4.519333754206812E-3	2.141831000195769E-3	-2.0561678623640823E-3	-3.9731809052428379E-3	-7.7160746695341589E-3	Rtot	-0.2	-0.1	-0.05	0.05	0.1	0.2	0.10724553030864993	4.7636527943067497E-2	2.2314949970757791E-2	-2.0796030524787384E-2	-3.945542333029476E-2	-7.3354984123291528E-2	mass	-0.2	-0.1	-0.05	0.05	0.1	0.2	-9.9063319930785348E-2	-4.9959862933324453E-2	-2.4793085845269531E-2	2.5600017737973629E-2	5.0816268869204678E-2	0.10248894367428973	tstart	-0.2	-0.1	-0.05	0.05	0.1	0.2	-0.93815815506169775	-0.15789473684210525	-7.8947368421052697E-2	5.2631578947368467E-2	Pmax	-0.2	-0.1	-0.05	0.05	0.1	0.2	2.4645741533147028E-4	1.8670464233382376E-4	1.1385993311741365E-4	-1.7014401338785078E-4	-3.9957098969121909E-4	-1.0933111060769574E-3	thickev


% performance




vapour quality	-0.2	-0.1	-0.05	0.05	0.1	0.2	6.9787319003861738E-3	1.6645918143104626E-3	5.0648053768223024E-4	-9.9744691385632108E-5	4.9435526736621473E-5	6.8178089868379664E-4	Tmax	-0.2	-0.1	-0.05	0.05	0.1	0.2	7.9705383023518511E-2	3.6045250078407906E-2	1.7147207752995223E-2	-1.5588208950810509E-2	-2.9798679294141213E-2	-5.4694745150117463E-2	Rtot	-0.2	-0.1	-0.05	0.05	0.1	0.2	0.24190307715261342	0.11059254300602459	5.2860826505541372E-2	-4.8454895689993754E-2	-9.29640612565103E-2	-0.17172937016484188	mass	-0.2	-0.1	-0.05	0.05	0.1	0.2	-5.2921351828092163E-2	-2.6460675914046154E-2	-1.3230337957018987E-2	1.3230337957027169E-2	2.6460675914054339E-2	5.2921351828100496E-2	tstart	-0.2	-0.1	-0.05	0.05	0.1	0.2	7.2368421052631499E-2	-9.2105263157894815E-2	-0.15789473684210525	-0.26315789473684204	Pmax	-0.2	-0.1	-0.05	0.05	0.1	0.2	6.237184747783147E-2	2.7859649942232528E-2	1.3182191866370195E-2	-1.1872366510339502E-2	-2.2603417903478362E-2	-4.1193213671191088E-2	Lcond


% performance




vapour quality	-0.2	-0.1	-0.05	0.05	0.1	0.2	-1.0731201417632026E-3	-1.3565893565014161E-3	-7.5566106654776819E-4	1.0298990361404853E-3	2.3586962104146943E-3	6.1865925612282872E-3	Tmax	-0.2	-0.1	-0.05	0.05	0.1	0.2	-2.6682875071671386E-2	2.5858031998631832E-4	7.0127596775255573E-4	-1.0098369206490089E-3	-2.1184633399528364E-3	-4.581390705354225E-3	Rtot	-0.2	-0.1	-0.05	0.05	0.1	0.2	-0.29068182539153442	-6.8005843813121131E-4	6.0194253458415144E-3	-9.0858756726862021E-3	-1.8797423402593546E-2	-3.885639962088136E-2	mass	-0.2	-0.1	-0.05	0.05	0.1	0.2	-5.940008178599996E-3	-3.0235479028443177E-3	-1.5092450115855045E-3	1.5684103239023452E-3	3.130635529941141E-3	6.368358686979254E-3	tstart	-0.2	-0.1	-0.05	0.05	0.1	0.2	-0.28947368421052627	-0.14473684210526314	-7.8947368421052697E-2	6.5789473684210578E-2	Pmax	-0.2	-0.1	-0.05	0.05	0.1	0.2	-4.4676751818897685E-4	4.2671995406700676E-4	1.9039335105083406E-4	-2.0998585600906532E-4	-4.5825369622740336E-4	-1.1461144057264107E-3	rpw


% performance




vapour quality	-0.2	-0.1	-0.05	0.05	0.1	0.2	-1.6000569827273458E-3	-1.1480352557928959E-3	-6.7448256613736714E-4	9.018462674398695E-4	2.0644860688738523E-3	4.8720893013502265E-3	Tmax	-0.2	-0.1	-0.05	0.05	0.1	0.2	7.2286411260016892E-3	3.498064753313046E-3	1.6854958656822878E-3	-1.5899842761831059E-3	-3.113973074309342E-3	-5.7667889927750992E-3	Rtot	-0.2	-0.1	-0.05	0.05	0.1	0.2	7.668934963390342E-2	3.647599651607536E-2	1.7366303425041696E-2	-1.5913591602262859E-2	-3.062336903584743E-2	-5.4782925608604767E-2	mass	-0.2	-0.1	-0.05	0.05	0.1	0.2	-6.2720688733804118E-3	-3.2928361585236447E-3	-1.6464180792618967E-3	1.6464180792700803E-3	3.292836158531977E-3	6.2720688733885945E-3	tstart	-0.2	-0.1	-0.05	0.05	0.1	0.2	-0.25657894736842113	-0.14473684210526314	-7.8947368421052697E-2	6.5789473684210578E-2	Pmax	-0.2	-0.1	-0.05	0.05	0.1	0.2	2.5445187343486257E-4	1.8480883458198112E-4	1.0934963387488295E-4	-1.4864659839082357E-4	-3.438316390681046E-4	-8.2387854551315212E-4	Lpw


% performance




vapour quality	-0.2	-0.1	-0.05	0.05	0.1	0.2	4.0759941993198446E-7	-1.3888870345779646E-6	-3.5685699008443147E-7	-6.0885986114471091E-7	-9.9909236070256207E-7	-2.0035582050836344E-6	Tmax	-0.2	-0.1	-0.05	0.05	0.1	0.2	1.6945237217607419E-5	4.3170500346678032E-5	8.6849092098885831E-5	-2.5124802382859576E-5	-4.1680091041092512E-5	-8.2401909472395519E-5	Rtot	-0.2	-0.1	-0.05	0.05	0.1	0.2	1.8133920498819862E-4	4.5819379739022549E-4	9.2595428223630029E-4	-2.6879426672511296E-4	-4.458796575538608E-4	-8.8137131117118706E-4	mass	-0.2	-0.1	-0.05	0.05	0.1	0.2	-1.7173205617576971E-5	-4.2933014048034116E-5	-8.5866028095919452E-5	2.5759808430308355E-5	4.2933014056217491E-5	8.586602810410282E-5	Pmax	-0.2	-0.1	-0.05	0.05	0.1	0.2	7.9434768942090311E-7	2.3763707443764786E-6	4.3667269622479751E-6	-1.1896641947257109E-6	-1.9789419411512075E-6	-3.9369653412171455E-6	Porosity


% perfroamnce




vapour quality	-0.7	-0.4	-9.9999999999999978E-2	0.10000000000000009	0.39999999999999991	0.7	7.6352580226187291E-5	4.1351403748197904E-5	9.8598739451862287E-6	-9.5434924436920251E-6	-3.6840506546503025E-5	-6.1446110040025642E-5	Tmax	-0.7	-0.4	-9.9999999999999978E-2	0.10000000000000009	0.39999999999999991	0.7	-1.2401513058493354E-4	-6.714525326509704E-5	-1.5915729695624009E-5	1.5413709340189806E-5	5.8408402519184895E-5	9.7031741667466401E-5	Rtot	-0.7	-0.4	-9.9999999999999978E-2	0.10000000000000009	0.39999999999999991	0.7	-6.4344858079556911E-4	-3.4577299279587659E-4	-8.1240550126294916E-5	7.8516739050257399E-5	2.9340342115048159E-4	4.8265896011558113E-4	Pmax	-0.7	-0.4	-9.9999999999999978E-2	0.10000000000000009	0.39999999999999991	0.7	-6.245947300829004E-3	-3.5712373323144855E-3	-8.6467767751816711E-4	8.5347702048925499E-4	3.1090128977414324E-3	5.3791351650584072E-3	nvg


% performance




vapour quality	-0.2	-0.1	-0.05	0.05	0.1	0.2	-2.3241797235589904E-6	-1.2632059392000688E-6	-6.6070436988219588E-7	6.9463158233649357E-7	1.423062965396558E-6	3.009836988437929E-6	Tmax	-0.2	-0.1	-0.05	0.05	0.1	0.2	3.3845101816578654E-6	1.7858864975450737E-6	9.1764132707284007E-7	-9.6962369793936535E-7	-1.9838332200879002E-6	-4.161136655625823E-6	Rtot	-0.2	-0.1	-0.05	0.05	0.1	0.2	1.9692980083601689E-5	1.0364319696416056E-5	5.3303580486937209E-6	-5.6105411399532942E-6	-1.1481606363576897E-5	-2.4089095356040456E-5	mass	-0.2	-0.1	-0.05	0.05	0.1	0.2	-1.7400390698811263E-6	-9.1835395519744636E-7	-4.7126057743674287E-7	4.9542779377711035E-7	1.015022795562424E-6	2.1267144314898259E-6	Pmax	-0.2	-0.1	-0.05	0.05	0.1	0.2	9.0804112722295202E-6	3.7290680994352343E-6	1.7281195232005893E-6	-1.5414973999938466E-6	-2.9482712018681603E-6	-5.5202120860648083E-6	rvg


% performance




vapour quality	-0.2	-0.1	-0.05	0.05	0.1	0.2	-3.7906492317826891E-3	-7.4766008714229563E-3	-4.4020725739193911E-3	4.7185130488386498E-3	9.7966493357413455E-3	1.9636246307837415E-2	Tmax	-0.2	-0.1	-0.05	0.05	0.1	0.2	-1.3395427050126361E-2	-5.6096240089447075E-3	-2.7196199427612653E-3	2.5142667317709999E-3	5.0350869904061046E-3	1.0172938101782963E-2	Rtot	-0.2	-0.1	-0.05	0.05	0.1	0.2	-4.1574834284547904E-2	-1.7383690873606025E-2	-8.4228007127886018E-3	7.7776009351672752E-3	1.5566039185637631E-2	3.141024873097558E-2	tstart	-0.2	-0.1	-0.05	0.05	0.1	0.2	8.5526315789473617E-2	-0.10526315789473679	-0.20394736842105265	Pmax	-0.2	-0.1	-0.05	0.05	0.1	0.2	-1.0208763164366252E-2	-4.2846473525520457E-3	-2.07896637255675E-3	1.9248573897943659E-3	3.8575020781774863E-3	7.8051485494888264E-3	Pi


% performance




vapour quality	-0.2	-0.1	-0.05	0.05	0.1	0.2	2.5770744825687397E-6	1.2850482768595701E-6	6.4254939988623399E-7	-6.4676417266403746E-7	-1.2881908321138819E-6	-2.5687562443497094E-6	Tmax	-0.2	-0.1	-0.05	0.05	0.1	0.2	6.7475035158087355E-6	3.3742965044688578E-6	1.6877467564043606E-6	-1.6896491343181943E-6	-3.3757517756626538E-6	-6.7529691760452879E-6	Rtot	-0.2	-0.1	-0.05	0.05	0.1	0.2	9.8092358843412133E-5	4.9048889879483532E-5	2.4525538248712998E-5	-2.4531383638815759E-5	-4.9051718203640997E-5	-9.8107728599938291E-5	Pmax	-0.2	-0.1	-0.05	0.05	0.1	0.2	-3.6483638945261423E-6	-1.8238730402716865E-6	-9.1140885598913417E-7	9.0995326293609035E-7	1.8226193774539387E-6	3.6441158844040161E-6	Qleak


% performance




vapou rquality	-0.2	-0.1	-0.05	0.05	0.1	0.2	1.1718737106844167E-4	5.7561548208864331E-5	2.8549233211547811E-5	-2.8075934448667589E-5	-5.57398610613254E-5	-1.0982107864415241E-4	Tmax	-0.2	-0.1	-0.05	0.05	0.1	0.2	-3.0998709249113484E-5	-1.5230201838791808E-5	-7.5530379044377532E-6	7.4300371739881199E-6	1.4743829530084334E-5	2.9050946348621942E-5	Rtot	-0.2	-0.1	-0.05	0.05	0.1	0.2	8.6819048333890616E-3	4.2652646156316511E-3	2.1147744943261363E-3	-2.0809352818179235E-3	-4.1297058317997333E-3	-8.1366753731494535E-3	mass	-0.2	-0.1	-0.05	0.05	0.1	0.2	4.6185907049982967E-2	2.4375895387492692E-2	1.2508683159370476E-2	-1.3150154090619185E-2	-2.694177911248663E-2	-5.6449441949967344E-2	Pmax	-0.2	-0.1	-0.05	0.05	0.1	0.2	-2.3703670335278703E-5	-1.1646076451981266E-5	-5.7755938974561768E-6	5.6815625964287141E-6	1.1274259047575461E-5	2.2214666833917282E-5	ri_ll


% perfroamcne




vapour quality	-0.2	-0.1	-0.05	0.05	0.1	1.3265198912987164E-9	-2.1746206383575126E-9	1.0403989886583543E-8	-2.2446477230520771E-9	-2.0227635145046687E-9	Rtot	-0.2	-0.1	-0.05	0.05	0.1	-3.6607816385040303E-9	-4.5830848984107331E-9	-2.5101358504630277E-9	-1.3454518047225767E-8	3.6286365549343335E-9	mass	-0.2	-0.1	-0.05	0.05	0.1	0.12487618863906008	6.5906877337286798E-2	3.3820634423084632E-2	-3.555502593195059E-2	-7.284444337278366E-2	Pmax	-0.2	-0.1	-0.05	0.05	0.1	-8.7650661679332676E-10	-1.1193317214087383E-9	-6.1982490994090952E-10	-3.3271906530905384E-9	8.8798989327073157E-10	ri_vl


% perfroamnce




vapour quality	4.5	12	20	30	38	50	-1.9986352093828701E-2	-1.3215602074093674E-2	-3.7624332737886358E-3	9.4736613196007308E-3	1.9603892507787254E-2	3.1435519284706046E-2	Tmax	4.5	12	20	30	38	50	-0.66144310062575828	-0.39388520543158434	-0.10757969209324118	0.25089937150720809	0.53350844453722446	0.93268387226254845	Rtot	4.5	12	20	30	38	50	-3.5400100953946183E-2	-2.1972973747364077E-2	-6.9051480363906004E-3	1.6201538379929881E-2	1.5934682598963093E-2	-0.10148636543197949	mass	4.5	12	20	30	38	50	6.7358960526799185E-3	4.0884868756698766E-3	1.14510854317412E-3	-2.7820589896329134E-3	-6.1936359298221388E-3	-1.1921573616290241E-2	tstart	4.5	12	20	30	38	50	-0.33552631578947367	-0.19736842105263161	-6.5789473684210578E-2	Pmax	4.5	12	20	30	38	50	-0.41714480019839134	-0.26875111481523467	-7.9802533887876351E-2	0.2060105194050276	0.47407160205915755	0.9295386953777095	Tamb


% perfromance variation




ri_cond	-0.2	-0.1	-0.05	0.05	0.1	0.2	7.8173886611261206E-2	3.715161573705815E-2	1.8173804166236256E-2	-1.7383191065946359E-2	-3.4304221364515733E-2	-6.5190098718754766E-2	re_cond	-0.2	-0.1	-0.05	0.05	0.1	0.2	-0.51246249560422519	-0.18933648527891234	0.11728663610762313	0.19880089957149455	0.3116023341453581	thickev	-0.2	-0.1	-0.05	0.05	0.1	0.2	-1.6390624353632421E-3	-1.2017608283479424E-3	-7.1970461547497984E-4	1.0461083756153197E-3	2.4239890176486582E-3	6.477092972198545E-3	Lcond	-0.2	-0.1	-0.05	0.05	0.1	0.2	6.9787319003861738E-3	1.6645918143104626E-3	5.0648053768223024E-4	-9.9744691385632108E-5	4.9435526736621473E-5	6.8178089868379664E-4	rpw	-0.2	-0.1	-0.05	0.05	0.1	0.2	-1.0731201417632026E-3	-1.3565893565014161E-3	-7.5566106654776819E-4	1.0298990361404853E-3	2.3586962104146943E-3	6.1865925612282872E-3	Lpw	-0.2	-0.1	-0.05	0.05	0.1	0.2	-1.6000569827273458E-3	-1.1480352557928959E-3	-6.7448256613736714E-4	9.018462674398695E-4	2.0644860688738523E-3	4.8720893013502265E-3	porosity	-0.2	-0.1	-0.05	0.05	0.1	0.2	4.0759941993198446E-7	-1.3888870345779646E-6	-3.5685699008443147E-7	-6.0885986114471091E-7	-9.9909236070256207E-7	-2.0035582050836344E-6	n_vg	-0.2	-0.1	-0.05	0.05	0.1	0.2	7.6352580226187291E-5	4.1351403748197904E-5	9.8598739451862287E-6	-9.5434924436920251E-6	-3.6840506546503025E-5	-6.1446110040025642E-5	r_vg	-0.2	-0.1	-0.05	0.05	0.1	0.2	-2.3241797235589904E-6	-1.2632059392000688E-6	-6.6070436988219588E-7	6.9463158233649357E-7	1.423062965396558E-6	3.009836988437929E-6	Pi	-0.2	-0.1	-0.05	0.05	0.1	0.2	-3.7906492317826891E-3	-7.4766008714229563E-3	-4.4020725739193911E-3	4.7185130488386498E-3	9.7966493357413455E-3	1.9636246307837415E-2	Qleak	-0.2	-0.1	-0.05	0.05	0.1	0.2	2.5770744825687397E-6	1.2850482768595701E-6	6.4254939988623399E-7	-6.4676417266403746E-7	-1.2881908321138819E-6	-2.5687562443497094E-6	ri_ll	-0.2	-0.1	-0.05	0.05	0.1	0.2	1.1718737106844167E-4	5.7561548208864331E-5	2.8549233211547811E-5	-2.8075934448667589E-5	-5.57398610613254E-5	-1.0982107864415241E-4	ri_vl	-0.2	-0.1	-0.05	0.05	0.1	0.2	1.3265198912987164E-9	-2.1746206383575126E-9	1.0403989886583543E-8	-2.2446477230520771E-9	-2.0227635145046687E-9	Tamb	-0.2	-0.1	-0.05	0.05	0.1	0.2	-1.9986352093828701E-2	-1.3215602074093674E-2	-3.7624332737886358E-3	9.4736613196007308E-3	1.9603892507787254E-2	3.1435519284706046E-2	% variation


x




ri_cond	-0.2	-0.1	-0.05	0.05	0.1	0.2	-1.3241075820182273E-2	-7.1064156720027907E-3	-3.6129797694851294E-3	3.7149053368161992E-3	7.3926467159825381E-3	1.5221225590437093E-2	re_cond	-0.2	-0.1	-0.05	0.05	0.1	0.2	-0.11253997140309001	-6.2624662242511744E-2	6.284773407545341E-2	0.12256285442792633	0.22393875851911382	thickev	-0.2	-0.1	-0.05	0.05	0.1	0.2	1.0011185644957624E-2	4.519333754206812E-3	2.141831000195769E-3	-2.0561678623640823E-3	-3.9731809052428379E-3	-7.7160746695341589E-3	Lcond	-0.2	-0.1	-0.05	0.05	0.1	0.2	7.9705383023518511E-2	3.6045250078407906E-2	1.7147207752995223E-2	-1.5588208950810509E-2	-2.9798679294141213E-2	-5.4694745150117463E-2	rpw	-0.2	-0.1	-0.05	0.05	0.1	0.2	-2.6682875071671386E-2	2.5858031998631832E-4	7.0127596775255573E-4	-1.0098369206490089E-3	-2.1184633399528364E-3	-4.581390705354225E-3	Lpw	-0.2	-0.1	-0.05	0.05	0.1	0.2	7.2286411260016892E-3	3.498064753313046E-3	1.6854958656822878E-3	-1.5899842761831059E-3	-3.113973074309342E-3	-5.7667889927750992E-3	porosity	-0.2	-0.1	-0.05	0.05	0.1	0.2	1.6945237217607419E-5	4.3170500346678032E-5	8.6849092098885831E-5	-2.5124802382859576E-5	-4.1680091041092512E-5	-8.2401909472395519E-5	n_vg	-0.2	-0.1	-0.05	0.05	0.1	0.2	-1.2401513058493354E-4	-6.714525326509704E-5	-1.5915729695624009E-5	1.5413709340189806E-5	5.8408402519184895E-5	9.7031741667466401E-5	r_vg	-0.2	-0.1	-0.05	0.05	0.1	0.2	3.3845101816578654E-6	1.7858864975450737E-6	9.1764132707284007E-7	-9.6962369793936535E-7	-1.9838332200879002E-6	-4.161136655625823E-6	Pi	-0.2	-0.1	-0.05	0.05	0.1	0.2	-1.3395427050126361E-2	-5.6096240089447075E-3	-2.7196199427612653E-3	2.5142667317709999E-3	5.0350869904061046E-3	1.0172938101782963E-2	Qleak	-0.2	-0.1	-0.05	0.05	0.1	0.2	6.7475035158087355E-6	3.3742965044688578E-6	1.6877467564043606E-6	-1.6896491343181943E-6	-3.3757517756626538E-6	-6.7529691760452879E-6	ri_ll	-0.2	-0.1	-0.05	0.05	0.1	0.2	-3.0998709249113484E-5	-1.5230201838791808E-5	-7.5530379044377532E-6	7.4300371739881199E-6	1.4743829530084334E-5	2.9050946348621942E-5	ri_vl	-0.2	-0.1	-0.05	0.05	0.1	0.2	-1.1836028906747819E-9	-1.4789301988854327E-9	-8.1746078312739686E-10	-4.3428505958207931E-9	1.172419422511143E-9	Tamb	-0.2	-0.1	-0.05	0.05	0.1	0.2	-0.66144310062575828	-0.39388520543158434	-0.10757969209324118	0.25089937150720809	0.53350844453722446	0.93268387226254845	% variation


Tmax




ri_cond	-0.2	-0.1	-0.05	0.05	0.1	0.2	-4.11353411452458E-2	-2.2042974009575007E-2	-1.1197151441874468E-2	1.1491684656518512E-2	2.2847343422178177E-2	4.6949541748953293E-2	re_cond	-0.2	-0.1	-0.05	0.05	0.1	0.2	-0.35873067406304404	-0.1970306047393651	0.19153311611084653	0.36803499171813275	0.65590324297583436	thickev	-0.2	-0.1	-0.05	0.05	0.1	0.2	0.10724553030864993	4.7636527943067497E-2	2.2314949970757791E-2	-2.0796030524787384E-2	-3.945542333029476E-2	-7.3354984123291528E-2	Lcond	-0.2	-0.1	-0.05	0.05	0.1	0.2	0.24190307715261342	0.11059254300602459	5.2860826505541372E-2	-4.8454895689993754E-2	-9.29640612565103E-2	-0.17172937016484188	rpw	-0.2	-0.1	-0.05	0.05	0.1	0.2	-0.29068182539153442	-6.8005843813121131E-4	6.0194253458415144E-3	-9.0858756726862021E-3	-1.8797423402593546E-2	-3.885639962088136E-2	Lpw	-0.2	-0.1	-0.05	0.05	0.1	0.2	7.668934963390342E-2	3.647599651607536E-2	1.7366303425041696E-2	-1.5913591602262859E-2	-3.062336903584743E-2	-5.4782925608604767E-2	porosity	-0.2	-0.1	-0.05	0.05	0.1	0.2	1.8133920498819862E-4	4.5819379739022549E-4	9.2595428223630029E-4	-2.6879426672511296E-4	-4.458796575538608E-4	-8.8137131117118706E-4	nvg	-0.2	-0.1	-0.05	0.05	0.1	0.2	-6.4344858079556911E-4	-3.4577299279587659E-4	-8.1240550126294916E-5	7.8516739050257399E-5	2.9340342115048159E-4	4.8265896011558113E-4	rvg	-0.2	-0.1	-0.05	0.05	0.1	0.2	1.9692980083601689E-5	1.0364319696416056E-5	5.3303580486937209E-6	-5.6105411399532942E-6	-1.1481606363576897E-5	-2.4089095356040456E-5	Pi	-0.2	-0.1	-0.05	0.05	0.1	0.2	-4.1574834284547904E-2	-1.7383690873606025E-2	-8.4228007127886018E-3	7.7776009351672752E-3	1.5566039185637631E-2	3.141024873097558E-2	Qleak	-0.2	-0.1	-0.05	0.05	0.1	0.2	9.8092358843412133E-5	4.9048889879483532E-5	2.4525538248712998E-5	-2.4531383638815759E-5	-4.9051718203640997E-5	-9.8107728599938291E-5	ri_ll	-0.2	-0.1	-0.05	0.05	0.1	0.2	8.6819048333890616E-3	4.2652646156316511E-3	2.1147744943261363E-3	-2.0809352818179235E-3	-4.1297058317997333E-3	-8.1366753731494535E-3	re_vl	-0.2	-0.1	-0.05	0.05	0.1	0.2	-3.6607816385040303E-9	-4.5830848984107331E-9	-2.5101358504630277E-9	-1.3454518047225767E-8	3.6286365549343335E-9	Tamb	-0.2	-0.1	-0.05	0.05	0.1	0.2	-3.5400100953946183E-2	-2.1972973747364077E-2	-6.9051480363906004E-3	1.6201538379929881E-2	1.5934682598963093E-2	-0.10148636543197949	% variation


Rtot




ri_cond	-0.2	-0.1	-0.05	0.05	0.1	0.2	-4.9393261706217127E-2	-2.4696630853108564E-2	-1.2348315426554356E-2	1.2348315426562541E-2	2.4696630853116897E-2	4.9393261706225461E-2	re_COND	-0.2	-0.1	-0.05	0.05	0.1	0.2	-0.21450787940988636	-0.11007641180244288	0.11572135599744272	0.23708765618987723	0.49675508915974642	thickev	-0.2	-0.1	-0.05	0.05	0.1	0.2	-9.9063319930785348E-2	-4.9959862933324453E-2	-2.4793085845269531E-2	2.5600017737973629E-2	5.0816268869204678E-2	0.10248894367428973	Lcond	-0.2	-0.1	-0.05	0.05	0.1	0.2	-5.2921351828092163E-2	-2.6460675914046154E-2	-1.3230337957018987E-2	1.3230337957027169E-2	2.6460675914054339E-2	5.2921351828100496E-2	rpw	-0.2	-0.1	-0.05	0.05	0.1	0.2	-5.940008178599996E-3	-3.0235479028443177E-3	-1.5092450115855045E-3	1.5684103239023452E-3	3.130635529941141E-3	6.368358686979254E-3	L_pw	-0.2	-0.1	-0.05	0.05	0.1	0.2	-6.2720688733804118E-3	-3.2928361585236447E-3	-1.6464180792618967E-3	1.6464180792700803E-3	3.292836158531977E-3	6.2720688733885945E-3	porosity	-0.2	-0.1	-0.05	0.05	0.1	0.2	-1.7173205617576971E-5	-4.2933014048034116E-5	-8.5866028095919452E-5	2.5759808430308355E-5	4.2933014056217491E-5	8.586602810410282E-5	rvg	-0.2	-0.1	-0.05	0.05	0.1	0.2	-1.7400390698811263E-6	-9.1835395519744636E-7	-4.7126057743674287E-7	4.9542779377711035E-7	1.015022795562424E-6	2.1267144314898259E-6	ri_ll	-0.2	-0.1	-0.05	0.05	0.1	0.2	4.6185907049982967E-2	2.4375895387492692E-2	1.2508683159370476E-2	-1.3150154090619185E-2	-2.694177911248663E-2	-5.6449441949967344E-2	ri_vl	-0.2	-0.1	-0.05	0.05	0.1	0.2	0.12487618863906008	6.5906877337286798E-2	3.3820634423084632E-2	-3.555502593195059E-2	-7.284444337278366E-2	Tamb	-0.2	-0.1	-0.05	0.05	0.1	0.2	6.7358960526799185E-3	4.0884868756698766E-3	1.14510854317412E-3	-2.7820589896329134E-3	-6.1936359298221388E-3	-1.1921573616290241E-2	% variation


Mass




ri_cond	-0.2	-0.1	-0.05	0.05	0.1	0.2	-0.12499999999999996	-7.8947368421052697E-2	-4.6052631578947407E-2	1.9736842105263174E-2	6.5789473684210578E-2	re_cond	-0.2	-0.1	-0.05	0.05	0.1	0.2	-9.2105263157894815E-2	-0.17105263157894737	thickev	-0.2	-0.1	-0.05	0.05	0.1	0.2	-0.93815815506169775	-0.15789473684210525	-7.8947368421052697E-2	5.2631578947368467E-2	Lcond	-0.2	-0.1	-0.05	0.05	0.1	0.2	7.2368421052631499E-2	-9.2105263157894815E-2	-0.15789473684210525	-0.26315789473684204	r_pw	-0.2	-0.1	-0.05	0.05	0.1	0.2	-0.28947368421052627	-0.14473684210526314	-7.8947368421052697E-2	6.5789473684210578E-2	Lpw	-0.2	-0.1	-0.05	0.05	0.1	0.2	-0.25657894736842113	-0.14473684210526314	-7.8947368421052697E-2	6.5789473684210578E-2	Pi	-0.2	-0.1	-0.05	0.05	0.1	0.2	8.5526315789473617E-2	-0.10526315789473679	-0.20394736842105265	Tamb	-0.2	-0.1	-0.05	0.05	0.1	0.2	-0.33552631578947367	-0.19736842105263161	-6.5789473684210578E-2	% variation


tstart




ri_cond	-0.2	-0.1	-0.05	0.05	0.1	0.2	-1.0089480826453109E-2	-5.4248332236598341E-3	-2.760851923165547E-3	2.8447582701490956E-3	5.6670449380897703E-3	1.1694499539483511E-2	re_cond	-0.2	-0.1	-0.05	0.05	0.1	0.2	-8.3361081409669135E-2	-4.7058806010339842E-2	4.8946443782944632E-2	9.7076533873944645E-2	0.18248851592814605	thickev	-0.2	-0.1	-0.05	0.05	0.1	0.2	2.4645741533147028E-4	1.8670464233382376E-4	1.1385993311741365E-4	-1.7014401338785078E-4	-3.9957098969121909E-4	-1.0933111060769574E-3	Lcond	-0.2	-0.1	-0.05	0.05	0.1	0.2	6.237184747783147E-2	2.7859649942232528E-2	1.3182191866370195E-2	-1.1872366510339502E-2	-2.2603417903478362E-2	-4.1193213671191088E-2	rpw	-0.2	-0.1	-0.05	0.05	0.1	0.2	-4.4676751818897685E-4	4.2671995406700676E-4	1.9039335105083406E-4	-2.0998585600906532E-4	-4.5825369622740336E-4	-1.1461144057264107E-3	Lpw	-0.2	-0.1	-0.05	0.05	0.1	0.2	2.5445187343486257E-4	1.8480883458198112E-4	1.0934963387488295E-4	-1.4864659839082357E-4	-3.438316390681046E-4	-8.2387854551315212E-4	porosity	-0.2	-0.1	-0.05	0.05	0.1	0.2	7.9434768942090311E-7	2.3763707443764786E-6	4.3667269622479751E-6	-1.1896641947257109E-6	-1.9789419411512075E-6	-3.9369653412171455E-6	nvg	-0.2	-0.1	-0.05	0.05	0.1	0.2	-8.015288058723967E-5	-5.3740531434714896E-5	-1.3388919755964156E-5	1.3156819716515292E-5	5.0978514956465719E-5	8.5960916734504765E-5	rvg	-0.2	-0.1	-0.05	0.05	0.1	0.2	9.0804112722295202E-6	3.7290680994352343E-6	1.7281195232005893E-6	-1.5414973999938466E-6	-2.9482712018681603E-6	-5.5202120860648083E-6	Pi	-0.2	-0.1	-0.05	0.05	0.1	0.2	-1.0208763164366252E-2	-4.2846473525520457E-3	-2.07896637255675E-3	1.9248573897943659E-3	3.8575020781774863E-3	7.8051485494888264E-3	Qleak	-0.2	-0.1	-0.05	0.05	0.1	0.2	-3.6483638945261423E-6	-1.8238730402716865E-6	-9.1140885598913417E-7	9.0995326293609035E-7	1.8226193774539387E-6	3.6441158844040161E-6	ri_ll	-0.2	-0.1	-0.05	0.05	0.1	0.2	-2.3703670335278703E-5	-1.1646076451981266E-5	-5.7755938974561768E-6	5.6815625964287141E-6	1.1274259047575461E-5	2.2214666833917282E-5	ri_vl	-0.2	-0.1	-0.05	0.05	0.1	0.2	-8.7650661679332676E-10	-1.1193317214087383E-9	-6.1982490994090952E-10	-3.3271906530905384E-9	8.8798989327073157E-10	Tamb	-0.2	-0.1	-0.05	0.05	0.1	0.2	-0.41714480019839134	-0.26875111481523467	-7.9802533887876351E-2	0.2060105194050276	0.47407160205915755	0.9295386953777095	% variation


Pmax




ri_cond	-0.2	-0.1	-0.05	0.05	0.1	0.2	-0.59831460943677506	-0.40236579767894814	-0.22002673919129828	0.25998588195835837	0.56039675205828798	1.3061834065988973	re_cond	-0.2	-0.1	-0.05	0.05	0.1	0.2	-0.14651015086401137	-0.57510715107624732	2.4320590955350778	8.7782694297814317	37.450622023323206	thickev	-0.2	-0.1	-0.05	0.05	0.1	0.2	-0.87691994432807474	-0.64133275366431708	-0.38370361737548953	0.55696135437300254	1.2898922555645698	3.4435967048658158	Lcond	-0.2	-0.1	-0.05	0.05	0.1	0.2	5.7036306138828055	1.6883859881638827	0.65145516147575688	-0.39861843035088468	-0.63192145948368772	-0.83679721791080941	rpw	-0.2	-0.1	-0.05	0.05	0.1	0.2	-0.86935559086610248	-0.61961931985070628	-0.36847443994109441	0.52763074496446682	1.2212681959835638	3.2393845755831436	Lpw	-0.2	-0.1	-0.05	0.05	0.1	0.2	-0.84951681187599848	-0.60969686034529746	-0.35823125584638216	0.47896924243745204	1.0963771691035615	2.58689223922309	porosity	-0.2	-0.1	-0.05	0.05	0.1	0.2	6.3620689199861749E-4	3.1109172590618672E-4	1.9109583605026559E-3	-9.5039606933599837E-4	-1.5743068966370701E-3	-3.1398759705864908E-3	nvg	-0.2	-0.1	-0.05	0.05	0.1	0.2	-6.245947300829004E-3	-3.5712373323144855E-3	-8.6467767751816711E-4	8.5347702048925499E-4	3.1090128977414324E-3	5.3791351650584072E-3	rvg	-0.2	-0.1	-0.05	0.05	0.1	0.2	-1.6809710027866794E-4	-1.0807950713575351E-4	-6.2159853327559519E-5	6.4767370808125536E-5	1.3304812318743899E-4	2.929810460239674E-4	Pi	-0.2	-0.1	-0.05	0.05	0.1	0.2	10.061834141976286	2.1065841373307506	0.7277343811344994	-0.40208254654931203	-0.64030931371864086	-1.1700383354061867	Qleak	-0.2	-0.1	-0.05	0.05	0.1	0.2	-1.968553102526629E-4	-1.0031043801912484E-4	-5.0296959722437027E-5	4.7551485296267547E-5	9.7797556662790975E-5	2.0050362531476545E-4	ri_ll	-0.2	-0.1	-0.05	0.05	0.1	0.2	-7.3569415638122704E-4	-3.6713990513526339E-4	-1.7704803452600344E-4	1.8344047744991537E-4	3.5208866394811217E-4	6.957459617420804E-4	ri_vl	-0.2	-0.1	-0.05	0.05	0.1	0.2	3.6455037163809384E-7	-1.3025712313729022E-6	5.2054730316952756E-6	-1.8094462554236056E-6	-1.0342435671301762E-6	Tamb	-0.2	-0.1	-0.05	0.05	0.1	0.2	-0.89034662101598572	-0.7532818136057009	-0.29234325524241339	0.95028693962911293	2.2972794813414614	3.1953567481321752	% variation
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