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Abstract. A wet oxycombustion chamber, which must be effectively cooled due to high temperature evolved during the
oxy-combustion process, by using the phenomena of Reynolds thermal transpiration and Navier slip velocity. Closures
needed to execute mass flow rate in a microchannel, which should be treated as a single porous structure in the walls of the
combustion chamber, have been obtained by applying a local 3D approach. The Navier-Stokes model of the surface layer,
which has been proposed and implemented, and presented in numerous publications has been used. The most important
part was the incorporation of the thermal mobility force into the commercial code. The Computational Fluid Dynamic
simulation of the benchmark experiment has been performed for basic data corresponding to helium. An original and easy-
to-implement method has been developed to numerically confirm that at the final equilibrium zero-flow state there is
connection between the Poiseuille flow in the centre of channel and the counter thermal transpiration flow at the surface.
Therefore, the numerical implementation of the Reynolds model of thermal transpiration and its usefulness for the
description of the benchmark experiment has been established. Additionally, taking Reynolds’, Navier’s and Poiseuille’s
solution into consideration for round capillary pipe flow, the flow enhancement due to the temperature difference at the
surface and the presence of a drop (slip), can be easily identified. Nevertheless, these issues demand further work and
calibration through dedicated experiment.

INTRODUCTION

The development of highly efficient and compact power generation systems requires the design of equipment that
uses the effects of increased energy conversion. A good example of a concept taking the above into account is the
double Brayton cycle with oxy combustion and carbon capture. The core and new elements of this innovative solution
are the wet combustion chamber and the spray-ejector condenser. In order to carry out a wet combustion chamber
balance, one has to come out of 3D equations with particular emphasis on surface phenomena, which play a leading
role here. We can talk about enhanced energy conversion when the size of the device is reduced, in which the same
transformation takes place quantitatively, but qualitatively it is a much intensified process. In the works [1-3] the
model of increased transport on the nano-scale was presented, in which boundary conditions were determined, the
expression in the form of friction and fluid stresses was formulated and the effect of transpiration was discussed. A
model of temperature jump, a model of component concentration jump and an electric current jump model were
presented. Motivations and examples of works indicating that this is the right direction of research are presented in
the next section.

For a long time man dreamt of such a subjugation of nature, that he could safely control it and manage it in a
convincing manner [4]. In order to do this, he needs devices of extraordinary power, with many times greater flow
capacity, huge volume, with instant transformation of chemical, optical and thermal. In all these unusual devices,
energy conversion is carried out, different from that known in classical pumps, turbines, compressors, reactors and
boilers. Their common feature is the enormous density of energy, both that stored inside the working substance and
that exchanged during the transformations. Therefore, today we are talking about " enhanced energy conversion",
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hence the problem of understanding and mathematical modelling of the essence and nature of its increased
transformation [5].

Below are the works of selected authors of basic character, focused on the problem of energy conversion
understood more broadly than before. Such a vast plane of understanding, through the theoretical tools of enhanced
post-Newtonian mechanics, allows to understand the mechanisms of phenomena leading to enhanced conversion. The
current global research [6-11] shows the inevitability and necessity of creating a new branch of knowledge, which
should be called: quantum thermodynamics, comprehensively capturing the phenomena occurring at the nanoscale.

The starting point for research into the phenomena in porous structures can be fuel cells, in which the chemical
energy of fuel is directly converted into electricity, with an efficiency of up to 60-70% (hybrid systems in combination
with a gas turbine). In order to be able to improve and correct them, however, it is necessary to understand and discover
the principles on which they operate, namely the area of connection of anode, electrolyte and cathode. Generally
speaking, intensification may be triggered by effects of slippage, mobility, transpiration, jumps and other little
experimentally recognized effects in catalytic flows, new to theoretical modelling.

The model developed in this paper is based on new state equations - with more complex than the classic equations
of the state of working mediums - for example, thermodynamic pressure is no longer a spherical tenor, and has
components depending on the metric, curvature and bi- curvature of the contact surface. Much more thermodynamic
reasonable definitions of osmotic pressures, wetting angles, three-phase lines of intersections, surface streams of
pseudo-power and pseudo-energy, etc [1,2] arise here. The result is a thermodynamic excused object, responsible only
for reversible phenomena - the surface stream of momentum.  This stream, together with the newly defined surface
stream of mass, entropy and `energy, is the surface analogy of Euler's fluid equations [1,3].

Modeling of irreversible phenomena of the Navier-Stokes layer is even more demanding - we are dealing with
induced anisotropy forcing the presence of new coefficients unknown for isotropy [1-3]. Surface forces are anisotropic
in nature.  Therefore, it is worthwhile to introduce three frictional forces, which are independent in their essence:
Duhema, Naviera and du Buata. Their dimensionless characteristics can be called Duhem, Navera and du Buata [1-
3]. This division of friction forces into three contributions gives an opportunity to explain the phenomena observed
by von Rybczyński and von Piotrowski over a hundred years ago [4].  The most important equations and basics of
transition from 3D models on the surface to 0D models of the whole cycle are presented in the next section.

The phenomena of transpiration - including Reynolds thermal transpiration, Grahan's pressure and component
transpiration, electrical transpiration and phase transition transpiration - should also be considered separately [1,3].

Table 1. shows:
1) names of transpiration phenomena;
2) description of mobility forces appearing on the boundary of two continuous bodies and
3) the potentials that drive these processes.

TABLE 1. Fife  kinds of motions connected with a surface mobility of a particle immersed in a rest fluid. Here:
ܿ௠ఏ  - the thermo-mobility coefficient, ܿ௠௒ - the concentration-mobility coefficient, ܿ௠థ - electro-mobility

coefficient, ܿ௠ధ - the pressure-mobility coefficient, ܿ௠௫  - the phase mobility coefficient.
Phenomena mobility forces deriving potential

pressurephoresis ௠ధ܎ = ܿ௠ధ gradୱ ߸ pressure ߸

diffusionphoresis ௠௒܎ = ܿ௠ே gradୱ ܻ concentration ܻ

thermophoresis ௠ఏ܎ = ܿ௠ఏ gradୱ ߠ temperature ߠ

electrophoresis ௠థ܎ = ܿ௠థ gradୱ ߶ electric potential ߶

phasephoresis ௠௫܎ = ܿ௠௫ gradୱ ݔ order parameter ݔ

It should be mentioned that two phenomena related to mobility were discovered by Graham, namely
pressurephoresis in 1846 [12] and diffusionphoresis in 1849 [13]. An important detail concerning the pressurephoresis
is the fact that the focal pressure ߸ is taken into account first of all. Another type of wall motion induced by gradୱ ߠ
on the wall is Reynolds' thermal transpiration, who was the first to attempt to unify the description of all forms of
transpiration [14]. In turn, the electrical potential of ߶ and its impact on the forces of mobility was considered in the
works [15]. Phasephoresis, on the other hand, is related to the change in the parameter of the state of matter which
was presented in gradient models [16]. All these types of mobility are caused by the surface interactions of two
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adjacent bodies and are generally referred to in the literature as the phenomena of phoresis motion [17]. One can also
find potentials in the form of fields which, acting on a dipole, induce a moment ensuring magnetophoresis  [18] or
dielectrophoresis [19] (Table 6.2.).

TABLE 2. Two kinds of angular motions connected with a surface mobility of a particle immersed in a rest fluid. Here: ݇௠۰  -
the magneto-mobility coefficient, ݇௠۳ - the dielectro-mobility coefficient.

Phenomena mobility forces deriving potential
magnetophoresis ௠۰ܙ = ݇௠۰ gradୱ ۰ magnetic field ۰

dielectrophoresis ௠۳ܙ = ݇௠۳ gradୱ۳ electric field ۳

MATHEMATICAL MODELING

Regardless of the local, three-dimensional modeling, work should be carried out to address the issues of increased
conversion in an integral way - at the level of the whole device or the whole turbine set, or thermodynamic cycle. It
turns out that new energy, entropic or exergetic evaluations of these innovative solutions are needed.
Thermodynamics, regardless of the way we practice it, receives powerful impulses for the development and
elaboration of new research tools. Therefore, the next section presents the most important information on how the
transition from 3D to 0D has been made in order to make a proper energy assessment of the issues of enhanced energy
conversion. Dependences between modern dedicated computational tools as both for scientific researchers and for
industrial applications are presented in Fig. 1.  Developed four different branches of computational science which we
nowadays call: CFD (Computational Fluid Dynamics); CSD (Computational Solid Dynamics); CFM (Computational
Flow Mechanics); CSM (Computational Structure Mechanics) is still in progress [20].

FIGURE 1. Internal relationship between four branches.

The coupling between a solid and a fluid takes place through interaction balances of mass, momentum and energy
in the contact layer, which was presented in papers [20-22]. The literature uses the name FSI (Fluid-Solid Interaction)
in the context of the general fluid-solid interaction. Especially important is the transmission of information on the
interphase surface (working medium - construction), which is a connection and at the same time a boundary condition
between CSD and CFD. Strength analyses of CSD derive data from CFDs and can simultaneously influence the
character of the flow due to displacements. CFD analyses, on the other hand, affect a solid body, changing the stress
state in it, which is shown in Fig. 1.
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Thermodynamic Analyses of Gas-Steam Cycles

The transition from 3D to 0D was partially described in [23]. At this point it is worth mentioning that the
phenomenon accompanying calculations based on 3D models is the renaissance of meaning and almost complete
return to the equivalent significance of calculation codes based on 0D models. It should be remembered that the 0D
codes covering the whole turbine and the block, thus serve the 3D codes (for both fluid and solids) as a " giver" of
boundary conditions and averaged (in the sense of 0D) load data. What is more, also the results of 3D calculations,
after appropriate averages, are compared with the results of 0D codes, especially at the stage of designing the solution,
when we do not have any measurement data yet [24]. Example of results in 0D code was presented in Figure 2.

FIGURE 2. Scheme of gas-steam combined cycle calculated in 0D approach, where: C – compressor; CC – combustion
chamber; GT – gas turbine; ST – steam turbine; HRSG – heat recovery steam generator.

There has been presented combined gas-steam cycle, however for a zero-emission power plant with oxy-
combustion and carbon capture, are needed additional devices. The most important new devices is wet combustion
chamber presented in Figure 3. The typical inert gas is replaced by water, which is introduced into the combustion
chamber through its’ porous structure, in conjunction with a cooling mixture composed of combusted fuel, that is
steam with CO2, and oxygen. It should be added that the zero-emission power plant with oxy-combustion and carbon
capture, which can be called double Brayton cycle (DBC), consists of a traditional Brayton cycle (BC) and a  second
inverted Brayton cycle (IBC). The term ‘inverted cycle’ refers to a change in the order of the compressor and the
turbine. Expansion of the medium occurs in the expander (GTin) and then regeneration occurs in the heat exchanger
(HEin), heat rejection then occurs in the condenser (CON in), and finally, compression of carbon dioxide occurs in the
compressor (Cin). The main disadvantage of the whole system is the necessity for an air-separation unit (ASU), to
supply the combustion chamber with pure oxygen.

In the first step, the optimal low pressure of double Brayton cycle, with oxycombustion and water injection in the
combustion chamber and with a conventional condenser, has been determined to maximize the power output of the
steam-gas turbine. The pressure and mass flow rates (fuel, oxygen and water) of the heat source in the combustion
chamber have been given and presented in preceding works [25,26]. Therefore, the concept of the development of
Computational Flow Mechanics (CFM) codes has been moving towards inclusion closures obtained at a more
sophisticated level using local 3-dimensional approaches. Main reason for introducing these closures is connected
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with a lack of knowledge about proper modelling at design level of such phenomena as  Reynolds thermal transpiration
in porous structures.

Wet Oxycombustion Chamber

Analysis of the proposed double Brayton cycle has been shown to predict the influence of the phenomena which
occurs in two new devices, specifically (1) a wet combustion chamber using oxy- combustion and water cooling by
thermal transpiration (in the porous walls of the combustion chamber there is no relevance associated with typical
bulk phenomena, since the whole flow is dominated by surface processes, for example, Navier slip and Reynolds
transpiration) and (2) a spray-ejector condenser (condensation of steam from gas-steam medium occurs due to the
contact with surface injected water). Therefore enhanced energy conversion is possible in the two devices with high
volumetric surface density which is novel in comparison to typical gas turbines cycles.

FIGURE 3. The wet combustion chamber using oxy- combustion and water cooling by thermal transpiration (in the porous walls
of the combustion chamber there is no relevance associated with typical bulk phenomena, since the whole flow is dominated by

surface processes).

The double Brayton cycle efficiency is defined as a quotient of the electrical power generated by the double
Brayton cycle and the fuel chemical energy flux contained in the fuel and is obtained by ௘௟ି஽஻஼ߟ = 52.3%. However,
the entire  system efficiency falls by around 8.66% due to the production of oxygen (6.38%) and the capture of CO2
(2.28%). Therefore, the analysis of the gas-steam turbine with oxy-combustion, water injection and inverted Brayton
cycle shows that the optimal efficiency value ௘௟ି௡௘௧௧௢= 43.67% for the entire block was identified as occurring at aߟ
pressure of kPa in the condenser. The main advantage of this solution is the lack of emissions such as carbon 7.8 = ݌
dioxide and nitrogen oxides. The obtained efficiency of a zero-emission cycle with the spray-ejector condenser
amounts to about ௘௟ିௌா஼=37.78%. The drop in efficiency is equal to 5.91 percent in comparison to a cycle with aߟ
conventional steam condenser, however the proposed innovation of the discussed cycle provides an increase of
approximately 32 times the volumetric heat flux density. Hence, the results of the thermodynamic analysis indicates
the legitimacy of building cycles based on enhanced energy conversion [25,26].

Governing Equations

The concept of closures needed to execute mass flow rate in a microchannel, which should be treated as a single
porous structure in the walls of the combustion chamber, have been presented in Fig. 4. As was mentioned before,
project of enhanced energy conversion involves a wet combustion chamber, which must be effectively cooled due to
high temperature evolved during the oxy-combustion process, by using the phenomena of Reynolds thermal
transpiration and Navier slip velocity. This part of the analysis is based on the Navier-Stokes model of the surface
layer, which has been proposed and implemented within the preceding publications [1-3].
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FIGURE 4. Concept of using resolution from single microtube into porous structure in the walls of the oxycombustion chamber.

However, the most important part of this reasoning should be presented. Treating that a laboratory nano or micro-
pipe is fully equivalent to a single porous channel and looking for common effects of the bulk and surface motion,
one may consider of a following momentum flux integral in any cross section of a porous media oriented by tangential
component of unit vector :୲ୟ୬ܖ

ඵ ( ܞ⨂ܞߩ + ܣ୲ୟ୬݀ܖ(ܘ + ර( ୱܞ⨂ୱܞୱߩ + ୱܘ + ܘ ୬୭୰ܖ + ୲ୟ୬݀ℒܖ(డ௏܎
ℒ

= 0
ୠ୳୪୩ ୱୣୡ୲୧୭୬

 (1)

In the above and ܞߩ ,ୱ are the bulk and the surface momentum density vectorsܞୱߩ and ߩ ୱߩ   are the gas density in
the bulk and on the boundary. Next, ܘ = ௜௝݌ ௜܍  ⊗ ௝܍ = ୘ܘ and ୱܘ = ୱܘ

୘ are the bulk and the surface flux of
momentum. The boundary force can be separated on: surface friction and surface mobility, thus: డ௏܎ = ௥܎ + .௠ [1-3]܎
A total momentum influx as to be :

ℳ = ඵ ܣ୲ୟ୬݀ݒܞߩ + ර ୱݒୱܞୱߩ ୲ୟ୬݀ℒ
ℒୠ୳୪୩ ୱୣୡ୲୧୭୬

 (2)

ℳ = ௥࢜̇݉
 (3)

Where ∬ ୠ୳୪୩ ୱୣୡ୲୧୭୬ܣ୲ୟ୬݀ݒܞߩ  - contribution from bulk velocity and ∮ ୱݒୱܞୱߩ ୲ୟ୬݀ℒℒ  - contribution from the slip
velocity ୱݒ ୲ୟ୬ = ୲ୟ୬. Using some arguments from technique of homogenization, we can postulate an existenceܖ ୱܞ
of a resultant velocity ୰, which is parallel to the vector of total momentum (3). This vector is located somewhere inܞ
a geometrical center of a velocity profile. In many cases, independently of the shape of the cross section the bulk
profile of velocity is nearly flat and ending with value of ୱݒ ୲ୟ୬ ≈ ,ୱ| - the magnitude of slip velocity. In the aboveܞ|
according with traditional Reynolds notation, ݉̇ denotes resultant mass flow rate. Taking into account that
డ௏܎ = ௥܎ + ௠܎ = ܞ)ߥ − (୵ୟ୪୪ܞ − (ܿ௠ఏgrad௦ߠ௦) there can be reorganized the integral (2.1), expressing explicitly the
thermal mobility part ܿ௠ఏgrad௦ߠ௦  with  the thermo-mobility coefficient ܿ௠ఏ  and  the slip friction part ୱ, whereܞߥ
: is the Navier surface friction coefficient ߥ

୰ܞ̇݉ = ඵ ( ۷݌ + ܖ(܌ߤ ܣ݀ + ර ୱ۷ୱܞߥ ݀ℒ
ୈୟ୰ୡ୷

+ ර ܿ௠ఏ grad௦ߠ௦ ݀ℒ
ୖୣ୷୬୭୪ୢୱ୔୭୧ୱୣ୳୧୪୪ୣ

 (4)

Since the porosity in any cross section of porous media is quite arbitrary, then the known procedure of
homogenization can be  applied, thus eq.(4) leads finally, to 3D resultant equation [3]:

௥ܞ = − ൬
ܲ
ߤ ۰ + ൰ࡷ۲

grad ܲ
ܲ + ۲

grad ܶ
ܶ

 (5)
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where ௥ܞ   is the resultant filtration velocity, ,is a gas viscosity  ߤ ۰  is the permeability tensor, is the Knudsen   ࡷ۲
accommodation diffusion tensor and ۲  is the thermal transpiration coefficient tensor. Additionally, ܲ is the capillarity
pressure and ܶ is the capillarity temperature. Analogical coefficients are presented in Figure 4.

NUMERICAL EXAMPLE

For example to incorporate the thermal mobility force into the commercial code the thermo-mobility coefficient
should be calibrated (see TABLE 1).  The new benchmark experiment [27], which has applied an original method for
thermal transpiration, induced mass flow rate measurements, conducted via measuring in situ the pressure evolution
in real time at both ends of the tube using two high-speed response pressure gauges. A long, circular cross-section,
glass (borosilicate) microtube (݀ = 490 μm; ܮ = 3.053 cm) is connected between two reservoirs: cold (no 1,
environmental temperature) and hot (no 2, ଶߠ = 80 oC, heated by an internal heater) (Figure 5) with the volume of the
two reservoirs ுܸ/ ஼ܸ = 0.81  and for numerical simulations ஼ܸ = 14.85  cm3 was selected. Before experiment begins,
the pressure inside the both reservoirs is regulated by means of a vacuum system and stays between 13.3 and 1330 Pa
for helium. After the opening of the isolation valve, the flow induced by thermal transpiration is simple – the pressures
in both reservoirs are equal and flow from cold to hot areas is derived only by the wall mobility force (܎௠ =
ܿ௠ఏgrad௦ߠ௦) which depends on the ܿ௠ఏ  value between glass and helium and the wall temperature gradient. The
volume of the reservoirs under consideration are finite, therefore gas molecules migrate from cold to hot reservoirs.
As the results of this migration pressure in the cold areas decreases and at the hot areas increases (see: Figure 6).

FIGURE 5. Scheme of helium flow cold (1) to hot (2) reservoir [27], where initial condition: environmental temperature (cold,
no 1) and ଶߠ = 80 oC (hot, no 2) and pressure p1= p2= p0=196.25 Pa for t0=tin .

Considering the previous literature according to [28, 29], and keeping in mind the value of the thermal
accommodation coefficient proposed in the literature [30, 31], there has been made a calibration of the ܿ௠ఏ value.
Drawing from the experimental data [27] and additional considerations [32], this coefficient has been found to have
the following form:

ܿ௠ఏ =
3
4

ଶߤ

௦݈ߩߠ
 (6)

Here the main unknown is the Navier slip viscosity that can also be defined by slip length ߥ ݈௦ . It was assumed
that the numerical value of ܿ௠ఏ  has been calculated using the definition of the Helmholtz-Piotrowski slip length: ݈௦ =
and helium-glass slip length ,ߥ/ߤ ݈௦ = 0.00016 cm. In equation (6) the temperature along the micro-pipe was taken
according to linear distribution. For the implemented thermal transpiration and slip velocity condition at the wall, the
numerical results agree very well with the experimental data for the pressure plots in Figure 6.
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FIGURE 6. Plot of pressure change in the cold (1) and hot (2) reservoirs, where initial pressure p0 = 196.25 Pa for  t0=tin.

Also, during numerical simulations [30], it has been observed that the pressure variations inside both reservoirs
are not perfectly mirror-symmetric with respect to the initial pressure axis, since the volumes of the two reservoirs
differ (the hot is smaller). Consequentially, the pressure variation in time within the reservoirs is different – the
increase in the hot (2) reservoir is to 199.72 Pa and decrease in the cold (1) reservoir is to 193.98 Pa (Figs. 5 and 6).
An original and easy-to-implement method has been developed to numerically confirm that at the final equilibrium
zero-flow state there is connection between the Poiseuille flow in the centre of channel and the counter thermal
transpiration flow at the surface (see Figure 7).

FIGURE 7. Plot of velocity profiles for two characteristic times, namely: tmax    [s]  time of maximum flow rate and teq [s] time
of zero flow rate – equilibrium conditions ݉̇ = 0  [g/s]; where R = ݀/2 is a radius of microtube and r  is a distance from the

centre of microtube.

CONCLUSIONS

The CFD simulation of the benchmark experiment has been performed for basic data corresponding to helium. An
original and easy-to-implement method has been developed to numerically confirm that at the final equilibrium zero-
flow state there is connection between the Poiseuille flow in the centre of channel and the counter thermal transpiration
flow at the surface. Therefore, the numerical implementation of the Reynolds model of thermal transpiration and its
usefulness for the description of the benchmark experiment has been established. Additionally, taking Reynolds’,
Navier’s and Poiseuille’s solution into consideration for round capillary pipe flow, the flow enhancement due to the
temperature difference at the surface and the presence of a drop (slip), can be easily identified. Nevertheless, these
issues demand further work and calibration through dedicated experiment.
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