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Abstract The paper discusses the possible determination of steam pa-
rameters in a new type of piston machine for steam compression to generate
supercritical water parameters. It presents a calculation model that allows
one to simulate the process of steam compression in a cylinder with vol-
ume regulated by the piston position. In each calculation step, the steam
parameters were determined on the basis of fast adiabatic changes which
were corrected by the effect of leakage and heat transfer occurrence. The
seal of the reactor was assumed to be a compression ring. Depending on
the pressure drop on the seal, subcritical and supercritical flow was taken
into account. The leak was corrected by the coefficient of flow contraction.
Heat transfer was determined by equations for the Nusselt number for wa-
ter and steam from the homogenous area. The programmed model allows
one to simulate changes in the thermodynamic parameters of steam during
the process of steam compression with any calculation step. The results pre-
sented in this paper show that the application of one compression ring allows
us to obtain supercritical steam parameters. Various degrees of sealing leak
tightness and their impact on the changeability of steam parameters were
analyzed. Heat transfer was shown to have an impact not only on changes
in steam temperature, but also on pressure. This paper analyzes the impact
of the temperature of the walls of the compression chamber on the value
and direction of heat transfer.
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Nomenclature
A – area, m2

a – speed of sound, m/s
cpis – speed of piston, m/s
cp – specific heat capacity at constant pressure, J/(kgK)
cv – specific heat capacity at constant volume, J/(kgK)
D – cylinder diameter, m
F – force, N
H – height, m
HT – parameter including heat transfer
h – specific enthalpy, J/kg
i – iteration, calculation step
m – mass, kg
ṁ – mass flux, kg/s
p – pressure, Pa
R – individual gas constant, J/(kgK)
Re – Reynolds number
s – entropy, J/(kgK)
T – temperature, K
t – time, s
V – volume, m3

v – specific volume, m3/kg
x – steam dryness
z – piston displacement, m

Symbols for calculation variants

HT0 – exclusion of heat transfer from steam to wall
HT1 – inclusion of heat transfer from steam to wall
L0 – exclusion of leakage
Li – inclusion of leakage by i-times of the reference flow area in the piston

ring gap ARG

Greek symbols

α – heat transfer coefficient, W/(m2K)
∆ – elementary growth
δ – relative value
κ – isentropic exponent
λ – heat conductivity coefficient, W/(mK)
µ – dynamic viscosity, kg/(ms)
ν – kinematic viscosity, m2/s
ρ – density, kg/m3
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Subscripts

cyl – cylinder parameter
g-w – parameter expressing heat transfer between steam and cylinder

walls
l – leakage
pis – piston
RG – ring gap
sum – sum
w – wall

1 Introduction

Water, in its subcritical and supercritical state, can be used in chemical
synthesis reactions, nanoparticles production, hydrothermal liquefaction
and gasification [1,2]. High pressure (more than 22 MPa) and temperature
(more than 375◦C) of steam constitute technological and economic barriers
to its common use [3]. An advantage of a piston reactor is that it can be
used to obtain high steam parameters with relatively simple constructional
solutions and small investment expenditures [4]. Moreover, it can minimize
the time of the chemical reaction, thus providing higher process perfor-
mance. The impact of a flow nature, described by the Reynolds number,
in a continuous supercritical water gasification reactor was investigated in
the paper [5]. An increase in the Re number from the laminar flow to the
turbulent flow allows a reduction of the gasification time of ethanol and
butanol. In the paper [6] a piston engine is treated as a chemical reactor.
The impact of the preliminary move of substrates on the process of com-
bustion in a diesel engine was examined. In paper [7] a concept of using the
piston-cylinder assembly of a single-stroke rapid compression machine and
the piston engine as a chemical reactor was presented.

Depending on the type of machine, operating medium and working con-
ditions, different types of seal are used in piston-cylinder assemblies. In
piston compressors with relatively low values of the compression ratio ob-
tained in a single degree non-contact labyrinth groove seals are used [8].
Application of relatively large radial clearance in a non-contact piston-
cylinder seal may cause gas expansion not to occur in the constrictions.
And this will result in excessive leakage [9]. To minimize leakage in non-
contact labyrinth seals in the piston-cylinder assembly, the radial clearances
of less than 0.1 mm are used. A seal of this type requires a system to guide
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the piston in the cylinder liner. In the paper [10], research on leakage and
pressure distribution of the labyrinth seal geometry in a piston compressor
with a low pressure drop of 3.2 bar. The results of numerical research on air
flow in the piston-cylinder seal are included in the paper [11]. The impact
of the seal geometry, that is, of tooth thickness, chamber size, and of the
clearance in a labyrinth seal, on the leakage rate is analyzed there. The
application of the labyrinth seal to a conceptual engine with a free piston
is described in [12]. The results presented there indicate a lower engine ef-
ficiency caused by greater leakage compared to the conventional seal with
lubricated piston rings. The use of non-contact seals allows oil to be elim-
inated from the surface of the cylinder liner. Another type of seal, which
can be used in piston-cylinder systems, are slot seals. This type of seal can
be applied in the case of a very small radial clearance. In slot seals, leakage
is reduced by tangential tensions between the fluid and the seal walls [13].
The method to determine the leakage in the radial slot seal is presented
in the paper [14]. This method is based on experimentally determined flow
coefficients that are a function of the height of clearance. The paper [15]
includes the description of the method for calculating the leakage in this
type of seal, taking into account the geometry of the channel of the in-
let section. The paper [16] includes the description of a generalized model
based on the Stodola equation. This model enables determining the leakage
for liquids and gases and for compressible and incompressible flows in the
groove seal channels. The calculation model that allows for the determi-
nation of gas leakage and the distribution of thermodynamic parameters
in a slot seal is presented in [17]. In this model, an irreversible adiabatic
transition is assumed with dissipation of kinetic energy to frictional heat.
The friction coefficient was determined using the corrected Blasius equa-
tion. Labyrinth seals in the piston-cylinder assembly are widely used. The
paper [18] presents an optimally designed labyrinth seal on the 10 K G-M re-
frigerator displacer. Various clearance values were experimentally analyzed.
Analysis of the impact of cavity width and depth, tooth thickness, and seal
clearance on leakage in a piston compressor seal is discussed in [11]. The
problem of optimizing labyrinth seals, which can be used in piston-cylinder
seals, was described in the paper [19]. It comprises the analysis of the im-
pact of a chamber geometry on the value of liquid leakage. Furthermore,
a semi-theoretical model with two new parameters, which are the virtual
cavity velocity and the vortex loss coefficient, was presented in it. The pa-
per [20] comprises the analysis of gas flow in the labyrinth seal with an
increasingly smaller pitch until the geometry of a slot seal is obtained. The
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impact of pitch on leakage and pressure distribution in the seal was in-
vestigated there. A numerical analysis of leakage and discharge coefficients
in staggered labyrinth seals was presented in [21]. The effect of changing
the seal geometry on a decrease in the discharge coefficient was studied.
The paper [22] includes a new approach to the design of labyrinth seals
that consists of matching the geometry of the seal with the flow conditions.
A novelty is adjusting the number and arrangement of teeth and chambers
geometry to distribution of the gas kinetic energy in the clearances to ob-
tain as great a degree of energy dissipation in the chambers as possible.
The paper [23] presents a numerical study of supercritical carbon dioxide
flow in a labyrinth seal consisting of a varying number of teeth. The impact
of the number of teeth on the leakage rate was analyzed.

Contact seals with compression rings are commonly used in piston-
cylinder assemblies. In the literature, there are some descriptions of com-
putational models for such seals. In the paper [24] a one-dimensional calcu-
lation model of the sealing system of a Stirling engine with a free piston is
presented. The working medium was helium. A seal consisting of a sealing
ring was analyzed. The flow through the sealing ring was assumed to be
an incompressible flow. The calculations were discretized every 10 degrees
of the crankshaft rotation angle. In the paper [25] a two-dimensional CFD
model of the transport of a mass through the crevices of the piston liner
in a diesel engine was presented. The leak through the annular gaps is de-
termined analytically and included in the CFD model. In the paper [26]
a gas leakage model was discussed, as well as the model of displacing and
lubricating rings in a piston-ring-cylinder assembly. In these models, steam
was not used as a working medium.

This paper presents a calculation model for the steam compression pro-
cess in a piston reactor. The main aim of developing this model is to an-
alyze the obtainable thermodynamic parameters, such as steam pressure
and temperature, for various variants of the calculations. Results from the
calculations will enable verification of obtained peri-critical parameters of
steam, and thus they will show if it is possible to create conditions en-
abling the reaction of hydrothermal gasification to occur. The leakage of
the operating medium in the piston-cylinder seal has a direct impact on the
obtainable steam parameters. As the subject of this study is the concept
of a new-type machine, various types of sealing will be considered during
the machine construction. At the stage of a machine design, application of
non-contact labyrinth seals should be considered, because they do not need
an oil film on the surface of the cylinder liner.
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In this paper, the process of steam compression in the piston-liner as-
sembly has been analyzed. The seal system has been assumed to consist
of one piston ring (1, Fig. 1a). In such a system, there is an oil control
ring below the compression ring (3, Fig. 1a). The first compression ring is
primarily responsible for limiting leakage (Fig. 1b).

(a) (b)

Figure 1: Piston seal system: (a) general view, (b) ARG – flow reference area in the
compression ring gap. 1 – compression ring, 2 – ring gap, 3 – oil control ring.

This type of seal allows a high compression ratio to be obtained; however,
it requires the presence of an oil film on the surface of the cylinder liner.
The tightness of the seal made up of compression rings is affected by the
shape of the sliding layer, the number of rings, and the geometry of the
ring gap [27].

Temperature and pressure changes of the operating medium are gener-
ally significant in piston-cylinder seals. Changes in these parameters can
cause changes in viscosity, and thus changes in flow nature in the seal. The
impact of the change of the viscosity parameter after the change in gas
temperature in the spiral groove seal was described in the paper [28].

It is mandatory to develop a model of the steam compression process in
order to design a piston reactor. In the literature, there is no calculation
model that would include leakage and heat transfer for steam in the piston-
cylinder assembly. This model will include steam parameters on the basis of
the IAPWS-IF97 steam tables [29]. Piston position, pressure, temperature,
and leakage values of the operating medium experience rapid changes over
time during steam compression in a piston reactor. These parameters affect
the intensity of the heat transfer from the operating medium (steam) to
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the walls of the reactor compression chamber (these surfaces include the
cylinder liner, head, and piston tops). The developed compression model
considers the impact of heat transfer, leak tightness, and piston velocity on
the thermodynamic parameters of steam in the cylinder of a piston reactor.

2 The main calculation model
The concept of a piston reactor shown in Fig. 2 consists of a cylinder
liner (1), a piston (2), a compression chamber (3), and a valve system (4).
Steam compression occurs during the movement of the piston inside the
cylinder liner. The calculation model allows the compressed steam param-
eters to be determined with 1 mm step of the piston movement (Fig. 3).
The model has been programmed in such a way as to perform theoretical
calculations of the compression process:

• excluding leakage and heat transfer,

• including leakage,

• including heat transfer,

• including leakage and heat transfer.

Figure 2: Piston reactor model: 1 – cylinder liner, 2 – piston,
3 – reactor chamber, 4 – valve system.

The authors’ own program, ST_IF97, was used in the calculations to de-
termine the steam parameters. The program was written using Fortran
with the inclusion of the ASME International Steam Tables for Industrial
Use [27]. At the beginning of the calculations, the authors assumed the ini-
tial pressure of 200 kPa of the dry steam supply to the cylinder (1, Fig. 2)
through the valve.
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Based on the initial pressure p(1) and with the use of the ST_IF97
program, the parameters (temperature, density, enthalpy, speed of sound,
specific heat at constant pressure, specific heat at constant volume, en-
tropy, dynamic viscosity, kinematic viscosity, heat transfer coefficient) were
determined for saturated dry steam (x = 1) at the initial position of the
piston

p(1) ST_IF97−−−−−→ T (1), ϱ(1), h(1), a(1), cp(1), cv(1), s(1), µ(1), υ(1), λ(1). (1)

The gas mass inside the cylinder was calculated according to the formula:

mcyl(i) = Vcyl(i)ϱ(i). (2)

The isentropic exponent is changeable for steam. It was expressed by the
dependency:

κ(i) = a(i)2

p(i)ν(i) . (3)

With the calculation model, it is possible to determine the theoretical dis-
tribution of steam parameters during compression in a piston reactor at
every ith calculation step.

The gas pressure for the subsequent ith calculation step (piston positions
according to Fig. 3) was determined assuming a rapidly occurring isentropic
transformation

p(i) = p(i − 1)
(

Vcyl(i − 1)
Vcyl(i)

)κ(i−1)

. (4)

The gas temperature for the subsequent ith calculation step (piston posi-
tions) is also determined on the basis of an isentropic transformation

T (i) = T (i − 1)
(

p(i)
p(i − 1)

)κ(i−1)−1
κ(i−1)

. (5)

Figure 3: Calculation step.
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The remaining part of the paper first describes the main part of the model
with the assumed ideally sealed cylinder and without heat transfer between
the steam and the cylinder walls. By controlling the model operation, it is
possible to include heat transfer between the steam and the compression
chamber walls, as well as steam leakage in the piston-cylinder seal. The
calculation model to determine leakage values (leakage calculation model,
LCM) is described in detail in Section 2.1. Data about the type and geom-
etry of the seal were entered into the program. The flow area through the
ring is crucial in the analyzed seal consisting of a compression ring. The
area has been defined in the following part of the paper as the flow refer-
ence area around the ring gap and marked as ARG (Fig. 1). The steam mass
leaking through the seal over time of the ith calculation step ml(i) is calcu-
lated at each calculation step, based on the current pressure, temperature,
steam density and isentropic exponent, as conceptually shown below:

sealing type, ARG, Dcyl, Hpisp(i), T (i)ϱ(i), κ(i) LCM−−−→ ṁl(i). (6)

The amount of gas that has leaked out of the cylinder through the seal over
time ∆t, was expressed as the following dependency

ml(i) = ṁl(i)∆t(i). (7)

If the velocity of the piston changes, then the value of ∆t and ml for each
ith calculation step is different. The amount of gas in the cylinder for the
ith calculation step corrected by the leakage value was expressed as the
following dependency:

mcyl,l(i) = mcyl(i) − ml(i). (8)

Correction of the gas pressure inside the cylinder, resulting from the leak-
age, was determined with the assumed fast adiabatic change

p(i) = p(i)
[

mcyl,l(i)
mcyl(i)

]κ(i)

, (9)

whereas the correction of the gas temperature inside the cylinder resulting
from the change of mass inside the cylinder was expressed with the following
formula:

T (i) = T (i)
[

mcyl,l(i)
mcyl(i)

]κ(i)−1

. (10)
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The next iteration assumed the steam mass value in the cylinder corrected
by the leakage value

mcyl(i) = mcyl,l(i). (11)

The subsequent stage of the calculations can include the impact of the heat
transfer between compressed steam and the cylinder walls on the steam
parameters at each calculation step. For this purpose, parameters such as
density, dynamic and kinematic viscosity, heat transfer coefficient, and the
Prandtl number for steam (ϱ(i), µ(i), υ(i), λ(i), Pr(i)) were obtained from
the ST_IF97 program. The Reynolds number at the ith calculation step
was determined on the basis of the momentary piston velocity:

Re(i) = cpis(i)Dcyl
ν(i) . (12)

Heat is transferred between the compressed steam and the cylinder walls
(including the top of the piston). A subprogram, described in Section 2.2 of
the paper (heat transfer calculation model, HTCM), was used to determine
the amount of heat transferred. The heat transfer coefficient for the steam
and the cylinder walls was determined based on the geometry, momentary
piston velocity, and steam parameters listed on the left side of formula (13):

Dcyl, hcyl(i), cp(i), µ(i), λ(i), Re(i), Pr(i) HTCM−−−−→ α(i). (13)

The height of the cylinder over the piston top Hcyl(i) was different for each
calculation step. The surface area of the heat transfer was the side surface
of the cylinder and the surface of the top and head of the piston, defined
by the dependency

Ag−w(i) = 0.5πD2
cyl + πDcylHcyl(i). (14)

The heat contained in the gas was expressed using the formula

Qcyl(i) = mcyl(i)h(i). (15)

The amount of heat transferred between the steam and the cylinder walls
at temperature Tw(i) was calculated on the basis of the dependency:

Qg−w(i) = α(i)Ag−w(i) [T (i) − Tw(i)] ∆t(i). (16)

The decrease in gas temperature inside the cylinder was determined based
on the known amount of heat transferred between the gas and the walls of



A model of the steam compression process in a piston reactor 271

the compression chamber at the ith step ∆t(i)

∆T (i) = Qg−w(i)
mcyl(i)cp(i) . (17)

The gas pressure was corrected as a consequence of the change in temper-
ature

p(i) = p(i)
[

T (i) − ∆T (i)
T (i)

] κ(i)
κ(i)−1

(18)

and then the steam temperature in the cylinder was corrected:

T (i) = T (i) − ∆T (i). (19)

Based on the data obtained, it is possible to determine the force required
to move the piston (and the required power)

F (i) = Apisp(i). (20)

The steam parameters for the next calculation steps i = 2, 3, . . . , n were
calculated in the ST_IF97 program based on the current pressure and
temperature

p(i)T (i) ST_IF97−−−−−→ ϱ(i), h(i), a(i), cp(i), cv(i), s(i), µ(i), υ(i), λ(i). (21)

Subsequently, the calculations were performed according to formulas (2)–
(18). The model, along with subprograms, was written in the Fortran lan-
guage.

2.1 Leakage calculation model

The model assumed that the seal of the piston-cylinder system consisted of
a compression ring. Furthemore, leakage has been assumed to occur around
the ring gap, as shown in Fig. 1.

The pressure ratio downstream and upstream of the ring was expressed as

β(i) = pout
p0(i) . (22)

The model was based on the Saint-Venant equation [28], which was used
to determine the leakage value around the compression ring gap

ṁ(i) = ARGΨ(i)
√

p0(i)ρ0(i) , (23)
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where ARG was the flow reference area in the compression ring gap (Fig. 1),
and Ψ was the flow number. For the subcritical flow β(i) > 0.5457, number
Ψ was described by the dependency

Ψ(i) =
√

2 κ(i)
κ(i) − 1

[
β(i)

2
κ(i) − β(i)

(κ(i)+1t)
κ(i)

]
(24)

and for the supercritical flow β(i) < 0.5457

Ψ(i) =

√√√√
κ(i)

( 2
κ(i) + 1

) (κ(i)+1)
(κ(i)−1)

. (25)

The value of leakage through the ring at ith time step was determined
based on the corrected Saint-Venant equation

ṁl(i) = µ(i)ṁ(i), (26)

where the flow contraction coefficient related to the flow through the ring
gap was described by the dependency [23]

µ(i) = 0.85 − 0.25
(

pout
p0(i)

)2
. (27)

The result value of the mass flux is exported to the main model.

2.2 Heat transfer calculation model

Heat transfer between steam and the walls of the cylinder is a significant
phenomenon during the stem compression process. The intensity of heat
transfer depends on the parameters of steam inside the cylinder and its
swirl. The swirl of steam inside the cylinder is described by the Reynolds
number (12). The Re number depends on the velocity of the piston, which
varies over the time of compression stroke. The model assumed the diameter
of the cylinder Dcyl as the characteristic dimension. It included equations
that define the Nusselt number for steam in a homogenous area.

For the laminar motion of the steam in the cylinder Re < 2000, the
following equation was used [30]:

Nu(i) = 1.615
(

Re(i)Pr(i) Dcyl
Hcyl(i)

) 1
3

. (28)
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In the case of turbulent motion of the steam in the cylinder, for Re ∈[
104, 106] and Pr ∈

[
0.6, 103], the Gnielinski equation was used in the

model [30]:

Nu(i) =

(
ξ(i)
8

)
Re(i)Pr(i)

1 + 12.7

√
ξ(i)
8
(
Pr(i)

2
3 − 1

)
1 +

(
Dcyl

Hcyl(i)

) 2
3
 , (29)

where
ξ(i) = [1.8 log Re(i) − 1.5]−2 . (30)

The Nu number of the intermittent flow for Re ∈
[
2300, 104] and Pr ∈[

0.6, 103] was defined in the following way [30]:

Nu(i) = (1 − γ)Nulam,2300(i) + γNuturb,104(i), (31)

where
γ(i) = Re(i) − 2300

104 − 2300 (i). (32)

The Nulam,2300 value was determined using Eq. (28) for Re = 2300 and the
γNuturb,104(i) value was determined using the Gnielinski equation (29)–(30)
for Re = 104.

The heat transfer coefficient was determined on the basis of the Nusselt
number

α(i) = Nu(i)λ(i)
Dcyl

. (33)

The value of the heat transfer coefficient is returned to the main model.

3 Calculation results
In this part of the paper, the distribution of an ideal leak-free compres-
sion process (L0) was determined with the assumption that there is no
heat transfer between the steam and the walls of the compression chamber
(HT0). In the next part of the paper, it is assumed that these processes are
the reference processes.

In the subsequent calculation variants, leakage and heat transfer between
the steam and the walls of the compression chamber was taken into account.
These variants were to approximate the considered compression process
with the real one.
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The appearance of leakage of various intensity (L1–L4) and the heat
transfer HT1 were assumed. In the programmed model, the inclusion of
leakage and heat transfer is autonomous.

During the compression process, when the piston moved up, the com-
pression ring aligned itself inside the piston groove in a way that caused the
leakage to occur around the ring gap (Fig. 1). Under real operating condi-
tions, the compression ring deforms around the ring gap as a result of wear
and the changing distribution of the compressed gas pressure. As a conse-
quence, leakage can occur not only in the ring gap marked in Fig. 1b. Due
to the lack of specific knowledge about the real steam flow area through
the compression ring, the other part of the paper used a reference flow area
around the ring gap equal to ARG = 4 · 10−8 m2 (Fig. 1). The L1 variant
included leakage through a one-time flow area in the ring gap ARG. L2, L3,
and L4, respectively, mark the inclusion of the leakage through the flow
area equal to the multiplicity of ARG (multiplied by two, three and four,
respectively). Table 1 comprises the analyzed calculation variants.

Table 1: Summary of the analyzed calculation variants.

Denotement Description General description

HT0 lack of heat transfer
theoretical compression process

L0 lack of leakage

HT1 including heat transfer
real compression process

L1–L4 including leakage through a multiple of the
flow area in the compression ring gap ARG

Heat transfer between the steam and the compression chamber walls occurs
in the real compression process. This phenomenon was included in the
variant of calculations described in the further part of the paper as HT1.
The assumed temperature of the compression chamber walls for the first
part of the conducted calculations was Tw = 120◦C.

The results presented assumed the calculation step of every 1 mm of
the piston displacement. The first calculation step focused on determining
the parameters of saturated steam. As a consequence of the movement of
the piston towards the head, the volume of the cylinder decreased, causing
an increase in the steam pressure. The pressure and steam temperature
increased for the next positions of the piston.

Figure 4 shows the change of temperature in the pressure function for the
variants of the calculations described above. The simulation of the compres-
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sion process started with an initial steam pressure of 200 kPa. Depending
on pressure, temperature changes had identical distributions for different
variants of calculation. The results obtained differ in terms of final pressure.
When leakage and heat transfer were excluded, the final pressure exceeded
45 MPa. When only heat transfer (L0_HT1) was included, the final pres-
sure was lower by 4.32 MPa than in case (L0_HT0).

Figure 4: Distribution of the steam temperature in the pressure function for different
calculation variants.

Figure 5 shows pressure changes inside the cylinder in the piston position
function. Maximum pressure was limited to 30 MPa for better readability
of Fig. 5. Differences in the pressure distributions for the considered calcu-
lation variants can be seen above 300 mm of the piston stroke. The pressure

Figure 5: Steam pressure in the piston position function.
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of compressed steam began to increase intensively in the last 25 mm of the
piston stroke. Then, the steam density increased significantly (Fig. 6). If
the steam flux flowing through the seal is too high due to the increase in
density, the leakage can cause a sudden decrease in the steam pressure at
the end of the compression stroke. A pressure distribution of that type can
be observed in the case of variants L2_HT1, L3_HT1, L4_HT1 (Fig. 5).

Figure 6: Steam density in the piston position function.

After the inclusion of the heat transfer and leakage (Figs. 4 and 5) the
pressure and final temperature values were much lower compared to the
ideal compression process (L0_HT0).

Based on Fig. 5 and the comparison of the maximum steam pressure
values at the end of the compression stroke, it can be concluded that the
heat transfer effect has an impact on the final pressure of the ideal seal
of the piston-cylinder assembly (L0-HT0 and L0_HT1). By including the
leakage of the value resulting from the flow through the area ARG (L1) to
the four times higher value (L4), the authors obtained the respective final
pressure values: 32.7, 22.4, 18.2, and 14.9 MPa.

The leakage provides lower pressure and temperature, as well as the re-
sulting lower steam density (Fig. 6). Steam density at the end of the com-
pression stroke increased significantly slower for variants of intense leakage
L3_HT1 and L4_HT1.

As a result of the occurrence of leakage and heat transfer to the reactor
walls, a lower steam temperature was obtained along with a lower pressure.
To clearly define the changes in steam temperature, it was related to the
temperature obtained in the ideal compression process (L0_HT0), that is,
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adiabatic without leakage, as described by the dependency

δT = T

TL0,HT0
. (34)

Figure 7 shows a decrease in the relative steam temperature δT in the
piston position function. The data included in Fig. 7 shows that the only
phenomenon of heat transfer from steam to the walls at temperature Tw =
120◦C caused a slight decrease in the relative temperature, equal to 0.0207.
Leakage is a crucial factor that causes the decrease in temperature in com-
pressed steam. The inclusion of leakage and the determination of its in-
tensity with the use of the flow reference area decreased the relative tem-
perature by 0.076. On the other hand, by assuming 4 times the reference
surface area of the leakage transfer, the temperature decreased significantly
by 0.27.

Figure 7: Relative steam temperature decrease in the piston position function.

The relative steam mass within the cylinder related to the ideal conditions
(variant L0) was used to precisely define the impact of the leakage on the
amount of mass contained in the cylinder (see Fig. 8):

δm = m

mL0
. (35)

Figure 8 shows that a significant leak occurred not sooner than in the last
20 mm of the piston stroke. The 0.25 decrease in mass inside the cylin-
der was obtained for the leakage through the area ARG (L1). The leakage
through double, triple, and quadruplicity of the ARG flow area (L2–L4)
caused the mass to decrease by the respective values of 0.41, 0.56 and 0.67.
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Figure 8: Relative steam mass contained in the cylinder in the piston position function.

The Reynolds number has an impact on the intensity of heat transfer, and
is dependent on momentary velocity values of the piston and the steam vis-
cosity, as defined in Eq. (12). The first local maximum of Reynolds number
occurred after around 80 mm of the piston stroke and resulted from the
momentary, and relatively high, piston velocity. The second maximum oc-
curred around 325 mm of the piston stroke and was caused by the decrease
in steam viscosity (Fig. 9).

Figure 9: The Reynolds number distribution.

The intensity of gas turbulence within the reactor cylinder defined by the
Reynolds number has a direct impact on the heat transfer conditions be-
tween the compressed steam and the reactor walls. In addition to the
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Reynolds number, the temperature and density of compressed steam af-
fect the heat transfer. The amount of heat transferred to the reactor walls
in the first 250 mm of the piston stroke was small due to a low density of
steam (Fig. 10). The intensity of the heat transfer reached the local maxi-
mum between 330 mm and 340 mm of the piston movement for the analyzed
calculation variants under consideration. After 340 mm, a decrease in the
intensity of heat transfer could be observed. It was a result of the decrease
in the piston velocity and the Reynolds number.

(a)

(b)

Figure 10: Heat transferred by steam to the cylinder walls in individual piston positions:
(a) for the whole stroke, (b) enlargement of the final part of the stroke.
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At the end of the compression stroke, heat transfer resulting from an
intense increase in steam density occurred in all calculation variants despite
the decreasing piston velocity. Using the following dependency:

Qg−w,sum =
n∑

i=1
Qg−w(i), (36)

the aggregate amount of heat transferred to the piston reactor walls in
a given piston position was calculated (see Fig. 11).

Figure 11: Aggregate amount of the heat transferred from the steam to the cylinder walls
of the reactor.

The aggregate amount of heat transferred from the steam to the compres-
sion chamber walls (Fig. 11) begins to regularly increase as of 50 mm of the
piston stroke. Qg−w, sum values increase more rapidly as of app 280 mm of
the piston stroke.

3.1 Analysis of the impact of the cylinder wall
temperature on the heat transfer intensity

This chapter analyzes the impact of compresson chamber wall temperature
on direction and the value of heat transfer between steam and the walls.
The calculations include the temperature of the walls (Tw) in the range
from 100◦C to 200◦C.

Figure 12 shows the distribution of the aggregate amount of heat trans-
ferred from the steam to the walls of the cylinder expressed by the depen-
dency (36). The negative heat value Qg−w,sum expresses the steam heated
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by the cylinder walls. This phenomenon occurs in the calculation variants,
in which the initial steam temperature is lower than the assumed temper-
ature of the cylinder walls.

Figure 12: Aggregate amount of heat transferred from the steam to the cylinder walls of
the reactor for different pre-set temperatures of the cylinder walls Tw.

In the initial stage of the stroke, steam is heated by the cylinder walls
in the case where the wall temperature is equal and higher than 140◦C
(Fig. 12). Heat loss is much lower in the latter stage of the stroke when
the steam temperature is higher than the wall temperature. Increasing the
temperature of the cylinder walls reduced the amount of heat transferred
by compressed steam. In practise, there are temperature limitations, for
instance, on the cylinder wall, which result from maintaining the correct
oil properties and obtaining the required oil film parameters between the
compression ring and the cylinder liner.

4 Summary

The calculation results presented in this paper indicate that the concept
of a piston reactor allows us to obtain supercritical steam parameters with
a seal composed of one compression ring. For the leak tightness cases un-
der consideration (L1–L4), the leak causes a relative drop in compressed
steam mass, by a value of 0.25, 0.41, 0.56, and 0.67, consecutively. The
seal in variant L1 allows us to obtain steam of pressure of 32.708 MPa and
temperature of 944◦C, and for variant L2, these parameters are equal to
21.638 MPa and 842◦C, respectively. For cases of increased leakage (L2–
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L4), at the end of the compression stroke, a pressure drop of 0.79, 3, and
4.44 MPa, respectively, was observed. This drop results from a great in-
crease in leakage caused by a high pressure and density of steam in the
last millimeters of piston displacement. The calculations were assumed to
include a coefficient of flow contraction in the compression ring for the mix-
ture of air and exhaust. To improve the accuracy of the leakage calculation
model, experimental verification is needed.

For a theoretical compression process, the inclusion of heat transfer
causes a drop in the final pressure by 4.32 MPa. Depending on the tempera-
ture of the walls of the compression chamber, the steam at the beginning of
the compression stroke can cool or heat up. For wall temperature Tw = 100
and 120◦C, steam cools at the beginning of the compression stroke, while
Tw = 140, 160, 180, and 200◦C, steam cools at the piston displacement
equal to z = 90 mm, 196 mm, 282 mm and 301 mm, respectively. This
stage may be crucial because of the behavior of water in a gaseous form
in the initial stage of compression. It is possible to pair this model with
a two-dimensional model of heat transfer in the wall of the piston reactor.
This will enable the accuracy of the calculation results to increase and also
allow for a more extensive analysis.

Received 10 August 2023
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