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Abstract

A fundamentally new concept of a heat engine on the basis of heterogeneous working body, consisting of liquid and
lyophobic towards it capillary-porous matrix was proposed in the middle 1980's. The unusualness of the new
thermodynamic cycle and engine is that the interface of condensed heterogeneous lyophobic systems (HWB),
"liquid- rigid solid capillary-porous matrix", the carrier of free surface energy, serves as a working body (in a
thermodynamic sense) instead of traditional gas/steam. In this paper the main advantages, challenges and prospects
for use of HWB as the working fluid for external combustion engine are discussed.
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1. Introduction

Depletion of natural resources, environmental pollution,
and price increases for oil products leads to activation of
various research programs devoted to the study of both
traditional and non-traditional heat engines.

Lately there has been a revival of interest in external
combustion engines (Stirling cycle, combined Eriksson-
Brayton cycle, Schoell cycle, etc.) [1-3]. External
combustion engines have many advantages. Perhaps the
main advantage is the ability to work from any source of
heat: geothermal, radiant light and heat from the sun, excess
heat emitted by industry, different types of fuel, nuclear and
chemical reactors, etc.

The main disadvantages of external combustion engines
are: complexity of design, high weight due to presence of
heat exchangers, and low thermal efficiency. Use of
modern materials and technologies, methods of calculation
and design techniques may allow the characteristics of these
engines to closer approach those of modern internal
combustion engines (for example, Otto and Diesel).

This article is focused on an unusual
combustion engine developed in Ukraine.

external

2. Working Bodies: Volume or Surface? Eroshenko
Cycle.

A fundamentally new concept of a heat engine [4,5] on
the basis of a heterogeneous working body (HWB),
consisting of liquid and lyophobic towards it capillary-
porous matrix was proposed in the middle 1980's. The
unusualness of the new thermodynamic cycle and engine is
that the interface of condensed heterogeneous lyophobic
body (HWB), "liquid- rigid solid capillary-porous matrix",
the carrier of free surface energy, serves as a working body
(in thermodynamic sense) instead of traditional gas/steam.
It was first proposed to use the potential energy of
intermolecular interaction instead of kinetic energy of the
random motion of gas (vapor) molecules in a wide range of
thermal machines.

*Corresponding Author

Table 1. Volumetric energy density of different working
bodies.

Working body Energy density, Ey,

(MJ/ m3)
Fuel mixture "air - gasoline" 3,636
Fuel mixture "air - diesel" 3,604
Fuel mixture "air - hydrogen" 3,030
Fuel mixture: "air — ethanol" 3,067
Water, V=1 m? (its potential energy | 0,001

at fall from a height of 100 m)
Water as a bimolecular film (5 = 7A, | 208
V=1 m®, m = 1000 kg)
Compressed air (adiabatic | 50
compression, without losses, V=1
m?, P = 200 bar)

HWB ‘"silicalite-2 - water" with
total volume of 1m3 and matrix
porosity 0,12 m*m?® (initial data
taken from [17]

15,8

The above mentioned HWB based on a capillary-porous
matrix with extremely high surface area (from 200 to 1000
m?/g of matrix) and wide variety of liquids (from water to
low-temperature metal alloys and eutectics) have a
significant energy density (see Table 1).

The change in volume of condensed HWB is due to
input and output of fluid from a pore space of the matrix,
which is accompanied by development and reduction of the
interphase surface Q. Due to phobicity of the system
(contact angle 6 >> 90°) it is necessary to overcome a
certain barrier (Laplace capillary pressure) in order to
introduce the liquid into the pore space (to develop the
interfacial surface). As the capillary pressure P (in
Washburn form [6]) is proportional to the surface tension of
the liquid o

20 cos0

P=" )

r

(Here and below we use the modulus of cos6),
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and for simple liquids the last mentioned decreases almost
linearly with the temperature increase

T
o=0,(1-—) @
CR

(where: o o-hypothetical value of the surface tension at T =
0; T - current temperature value; Tcg - critical temperature
value of the liquid at which & =0), so high temperature
values facilitate forced intrusion of liquid in pores
(decreasing of HWB volume). When the temperature is
going down, the volume is going up (operating cycle) due
to spontaneous extrusion of liquid from the pores of solid
matrix. Further, this unusual phenomenon will be discussed
in more detail. This is one of the main features of a new
working body: temperature decreasing leads to volume
increasing.

Let us consider the basic cycle of a thermomolecular
engine [7,8] for a system “single pore — single volume of
liquid” (heat capacity is constant, thermal expansion is
absent). PV and TS graphs of the cycle are shown in Figure
1. Figure 2 shows the cycle schematic.
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Figure 1. T-S and P-V diagrams of the thermomolecular
engine cycle.

Figure 2. Basic four-step cycle of the thermomolecular
engine.

In the initial state (point 1) the working fluid at
minimum temperature T, and maximum volume V; is
characterized by a maximum pressure P,. The liquid
remains outside the pores of the lyophobic solid matrix
(interphase surface Q = Qqin—0). During the process of
isochoric heating (1-2) heat g is supplied to working body:

=6 (h-T), @)
where: cy - total heat capacity of a heterogeneous working
body.

Temperature increases from T, to T,. Interfacial contact

area remains unchanged: i, = Q yy = const. In this case
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in an enclosed volume V= constant and pressure is reduced
to P, (the Laplace pressure is reduced due to the fall of the
value of the surface tension to o;):

20, cos6O

P =—0 4

For the isobaric-isothermal process (2-3) of interface
surface development Q up to the value of Qy3= Oyax , the
system is supplied with a large amount of heat g, and small
amount of mechanical work 8W,;[9,10].

. d
Q2=01‘d_.c;COSGQMAXa )

where do/dT — temperature coefficient of surface tension of
the liquid (the value is negative, here and below we use the
absolute value of this quantity);

S Woz=P,(Vy =V, )=— P, AV,3 = 07 008 0Qupx (6)
In an isochoric process (3-4) the heat is taken away

from the thermodynamic system (gs = —qi), and the
temperature decreases from T, to T,.

GB==-0 (L - T) )

At the same time in an enclosed space V, = const (Qs4 =
Qmax = const) pressure increases to a maximum level

26, CcosO

Pp=—"— 8

because o, < o5, according to (2).

In an isobaric-isothermal process (4-1) a spontaneous
expulsion of fluid from the pore space at maximum
constant pressure P, (power stroke) takes place. The
interphase surface decreases to Q4;=Qun. The system
performs the work 3W,; against external forces and returns
to its initial state:

W, =— B, AV, = —0,C0S 0 Qipx 9)

where AV, =V, —V,.
At the same time a small amount of heat g, is taken

away (heat of an isobaric-isothermal reduction of the
surface):

. do
a=-0, aT oS 6 Qjax (10)
Useful work in the cycle:
W = 8W,; —3Wps= (R - R)AV =
(11)

. d
=(Q _Oz)ﬁ c0s & (Quax —vin )

Unusual properties and characteristics of HWB [7, 11,
12] have attracted attention of leading research centers.
Over the past 20 years a lot of papers have been published
about theoretical, experimental and design aspects of
various devices based on HWB (see Fig. 3 and Table 2).
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Figure 3. Countries involved in research of HWB and development of HWB-based devices.

Table 2. Explanations to Figure 3.

Ne Country Organization Field of research Ref.
1 Ukraine Laboratory of thermomolecular energy Theoretical and experimental
studies; damper, shock [7,11-16]
absorber, accumulator, thermal
key, heat engine
2 France Institute of Materials in Mulhouse; University of | Theoretical and experimental
Nancy; SNECMA. studies; damper; aviation [17-20]
devices
3 Algeria University of Jijel Theoretical studies [21]
4 USA Massachusetts Institute of Technology; Theoretical and experimental
University of San-Diego; Columbia University. studies; damper, shock [22-29]
absorber, fuel cell, actuator
5 Russian Leypunsky Physics and Power Engineering Theoretical and experimental
Federation Institute; National Research Nuclear University studies; damper, shock [30-33]
"Moscow Engineering Physics Institute” absorber, hydraulic
compensator
6 Japan Fukuoka Institute of Technology; Kobe Theoretical and experimental [34-37]
University; Oiles Corp; Toyota. studies; damper
7 South Korea Pusan National University; Samsung Heavy Theoretical and experimental [38, 39]
Industry; S&T Daewoo studies
8 China Peking University Theoretical and experimental [40]
studies
9 India Vels University Theoretical and experimental [41]
studies;

2. Thermodynamic Compactness and Thermal
Efficiency of the Thermomolecular Engine. The Basic
Requirements to HWB.

A new criterion of thermodynamic perfection of heat
engines — "thermodynamic compactness of cycle" was
introduced in 1987 [13]. Thermodynamic compactness is
defined as the ratio of useful work in the cycle to the
change of the generalized coordinate AY (for example,
volume, length of the spring, surface, etc.) and to
temperature difference between heater T, and cooler T, in a
cycle:

oW

|=—2"
AY -AT 12

The formula shows that for AY=AV dimension of
thermodynamic compactness is (J/m°K). Thus, the
thermodynamic compactness (hereinafter - TC) shows the
ability to conversion of the energy per volume unit of a
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working body in the cycle, referred to 1 degree of working
temperature difference.

For example, TC for Otto-Baux de Roche cycle is
described by the expression [13]:

R (A-D (7 '=1)
v (=D =D (-1/¢)

I oTTo —

(13)

where R is the universal gas constant; u is the molar mass
of the substance of a working body; vuax is the maximum
value of the specific volume of working body in the
thermodynamic cycle; y=cCp/Cy is the adiabatic index; A =
P3/P, is the pressure ratio in the isochoric process of heat
supply; and ¢ = V4/V, is the compression ratio in the
adiabatic process;
For Diesel cycle TC is determined as [13]:

R 1 x"'(n-D)-(z*-1)
Bvpax  x—1  (me* =1)(1-1/¢)

| piese =
(14)
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where © = V3/V; is the degree of expansion in the isobaric
process of heat supply. For different cycles of heat engines
TC value varies in the range of 100-550 (J/m®-K) [13].
Optimization of "gas" cycles by TC value is a complex
multiparameter problem, because some of the variables are
determined by the nature of working body, the other part is
by modes of engine operation.

TC of thermomolecular engine, in accordance to (11)
and (12) will be determined as:

AC)d—G cosO AQ

I_BW _ daT _do  cosH
OTAY-AT T krAQAO  dT kr (15)
where AY =AV =V1 =V, =krAQ ¢ 40 volume change

of HWB during the cycle.

Eqgn (15) is much easier than Eqns (13) and (14). TC of
the thermomolecular engine depends only on the
parameters of HWB (do/dT, cos6, r) and exceeds analog
values for "gas" engines by 2-3 orders [13,16]. This is quite
logical for condensed system working without explosions in
a working chamber and phase transitions "liquid-vapor".

Thermal efficiency of the cycle ng is determined by the
expression:

ne = e (16)
14r-m - =

— €0s0
dT

where 7, is the Carnot cycle efficiency: 7, = 1 — T,/Ty; ris
the radius of the pores (for different materials, from a few
to a few thousand angstroms); k-form factor of the pores (k
= 0,33 .. 0,5); cy is the total volumetric heat capacity of
HWB.

Present in the denominator of the Eqn (16), n, indicates
another feature of the cycle such as high Carnot efficiency
at low-temperature heat sources running (see Fig. 4e).

In order to estimate the effect of various parameters of
HWB on the carnotization level, a cycle for real system
"distilled water - silicalite-2" was calculated. Table 3-1
shows the main parameters of HWB in the indicated

characteristics (Data of Table 3-2 were obtained by
substituting the values from Table 3-1 in Eqns (15) and
(16)). The influence of HWB parameters on the
carnotisation level of cycle is shown in Fig. 4(a-f).

Analysis of dependences, shown in Figure 4 (a-f),
allows formulating the basic requirements of HWB to
achieve maximum carnotization level of the cycle:

+ high level of lyophobicity of porous matrix (value of
the contact angle starting from 110° and higher);

+ small pore radius of the matrix (a few angstroms);

+ high value of the temperature derivative do/dT
(strongly marked dependence of surface tension on the
temperature);

+ low heat capacity of HWB components.

Experiments made with different HWB allow to add
additional (maintenance and constructional) requirements:

+ Operational stability of HWB (no matrix degradation -
mechanical breaking of porous particles and damage of the
hydrophobizing surface coating).

+ Maximum system pressure should not exceed 700 bar
(according to [42]).

+ Minimum (preferably - zero) hysteresis level (the
difference between the intrusion pressure (P;,) and the
extrusion pressure (Pey) is shown as a loop on PV -isotherm
of compression-expansion [12,19]. Large hysteresis reduces
the efficiency of the engine and complicates its construction
(in this document the influence of hysteresis is not
considered).

Conversely, in order to create high effective dampers
and shock absorbers, it is necessary to maximize the
amount of hysteresis (see Figure 5) [12, 15, 28, 37].

3. Different Approaches on HWB Development.

Synthesis of a new HWB meeting specified
requirements is a complex task involving various branches
of science (surface chemistry, colloid chemistry, chemical
thermodynamics) and technology (synthesis of porous
materials with specific pore geometry and topology of the
pore space; lyophobising of matrices that is a covering of
porous inner surface by low-energy materials with
controlled coating thickness; getting suspensions and
colloids). There are two approaches to HWB development:
theoretical and technological.

temperature range, and Table 3-2 shows the cycle
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Figure 4. Carnotization level of the cycle, depending on: a) the value of the contact angle (6 = 90 ... 160 °); b) the value of
do/dT (do/dT = 9,7-10°° ... 5,9-10®° N/(m-K)), c) the value of the shape factor of pores k (k = 0,33 ... 0,5); d) pore radius r (r
=1 ... 10 A); e) the total heat capacity of HWB (cy = 1.1 ... 6,3-10° J/(kg K)); f) temperature of the hot source, T, (T; =

363 ... 603 K).
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Table 3-1. Main computational
"distilled water - silicalite-2."

parameters of HWB

Parameter Value
Temperature of heater, T, [K] 473
Temperature of cooler, T, [K] 293
Surface tension of water at Ty, ; [N/m] 3551-10°
Surface tension of water at T, 6, [N/m] 72.88-10°°
Temperature derivative do/dT, [N/(m - K)] 1.97-10"
Heat capacity of water, cy [J/(kg-K)] 4200
Density of silicalite-2, p [m*/kg] 1.76-10°
Water contact angle, 6 [°] 110
Specific porous volume of the silicalite-2, ¢ | 0.18-10°
[m*/kg]

Pore radius, r [m] 2.7-10°
Heat capacity of silicalite, c5 [J/(kg-K)] 821

Total heat capacity of the HWB, ¢y [J/(m®-K)] | 2.108-10°

Table 3-2. Characteristics of the cycle on the basis of HWB
"distilled water - silicalite-2."

Parameter Value
Carnot cycle efficiency, n¢ 0.393
Eroshenko cycle efficiency, ng 0.169
Carnotisation level, n¢ / ng 0.43
Thermodynamic compactness, |g, [J/(m?-K)] 498 10°

01 02 03 04 05
V, cm3/yg

06 0.7

Figure 5. PV-isotherm of HWB "modified silica - distilled
water," with a large hysteresis [12].

The theoretical approach implies further development of
concepts about the nature of the surface tension of liquids
and its dependence on temperature and chemical
composition; behavior of the fluid in the Ilyophobic
nanochannels; development of thermodynamic HWB
models based on matrices with various pore size
distributions [8,43].The technological approach provides
the improvement of existing technologies of HWB
synthesis components as well as search and development of
new technologies based on the latest achievements of
science:

* Improvement of the technology of matrix synthesis and
modification.

Presence of crystalline structure defects in the porous
matrix, along with the imperfection of the coating
application (irregularity, mosaic) on the walls of pores leads
to deterioration of HWB parameters. Therefore, it is
necessary to use more advanced techniques of synthesis of
HWB matrices, their further thermal and (or) hydrothermal
treatment, that leads to improvement of HWB operational
characteristics [17,44].

« Obtaining of superhydrophobic coatings.
Recently a lot of articles devoted to the development of
new superhydrophobic coatings with a contact angle of
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150-170 degrees [45-47] have been published. Use of
materials or coatings with a large contact angle leads,
according to Eqgns (15) and (16), to increasing of TC and
thermal efficiency of the cycle. The main difficulty of
chemical modification of the inner space of the HWB
matrix is the small size of pores and channels (in the range
of 0.5-50 nm).

* Obtaining coatings with controlled wettability.

There are some techniques to control the contact angle
using the different control actions, such as, deformation,
light, electric potential, temperature and pH-level [48-50].

The most promising, in our opinion, is an electrically-
driven wetting. Using of coatings that can reversibly change
its state from superhydrophilic to superhydrophobic under
electric potential, like polipirol films [48], will allow to
create an electrically-controlled HWB for different devices,
which require the quick change in HWB behavior (for
example, emergency braking devices).

+ Synthesis of HWB with controllable properties based on
polyelectrolyte solutions.

One of the most active trends involves use of different
salt solutions to create new HWB that are sensitive to
temperature. HWB based on electrolyte solutions have a
number of features compared to HWB based on distilled
water:

+Anomalous temperature-sensitiveness. Usually, for
water-based HWB temperature increasing leads to
decreasing of intrusion pressure, according to Eqns (1) and
(2). At the same time, HWB based on salt solutions, shows
anomalous temperature dependence: with temperature
increase the intrusion pressure first grows (dP/dT>0) and
then falls (dP/dT<0).The authors explain that it is due to
ion-exchanged effect: when the temperature is rising the
negatively charged ions in solution penetrate into pores and
interact with positively charged groups on the channel walls
(in fact these groups are defects of hydrophobic coating
application). Its leads to increasing of hydrophobicity of
matrix (contact angle 0). Moreover, |cos(0)| iS growing
faster, then ¢ falls up to a certain temperature level. It
causes, according to the Eqgn (1), an anomalous dependence
Pin(T) [23,24].

+Dependence of HWB parameters (P and the value of
hysterersis) on type and concentration of the salt. For
water-based HWB changing of P;,; and value of hysteresis
is realized by changing of porous matrix properties (pore
radius and shape, type of hydrophobizing coating and
thoroughness of its application). Usage of electrolyte
solutions as a liquid phase allows to receive HWB with
different values of P;, [25, 44, 51] and hysteresis [22] on
the basis of the same porous matrix. It is more convenient,
because in general case it is easier and faster to receive a
new solution than a new matrix.

+Increasing of HWB sensitivity to control actions. (T,
4U). Apart from the anomalous temperature sensitivity
described above, HWB based on electrolyte solutions are
more sensitive to temperature change in comparison with
water-based HWB. Moreover, anomalous temperature
sensitivity may disappear for HWB based on salt solutions
with cations and anions approximately of the same size,
which can easily penetrate into the pores. At the same time,
such a HWB has a more significant, compared to the
"water" HWB, dependence of P,(T) (dP/dT<0).
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There is also more significant dependence of intrusion
pressure from applied potential difference Py, (U) [27, 52].
It is necessary to emphasize the reverse effect: the
appearance of a potential difference at compression of
HWB based on salt solutions [26]. Table 4 shows the
composition and characteristics of different HWB,
described by various research groups.

4. Conclusions

From the moment of first publications about the use of
interface area as working body appeared, a lot of studies,
related to theoretical and practical aspects of HWB, were
realized: about the nature of the phenomena occurring
inside the lyophobic pore space of matrix filled with liquid;
about the influence of the characteristics of the liquid and
porous matrix on the properties of HWB; about the
technology of synthesis and possibilities of application.

While the earlier studies were concerned on
fundamental, phenomenological and empirical aspects,
recent ones have been focused on the practical use. A lot of
models are patented; prototypes and pilot specimens are
created and tested. It seems that in the nearest future we can
expect the appearance of a number of thermo-mechanical
transducers based on HWB to solve a wide range of tasks
related to dissipation, energy conversion and storage. It
should be noted that intensive works on creating a
production piece of an automotive shock absorber based on
HWB are conducted in France [12, 53], Ukraine [12, 54]
and Japan [34-37].

The development of thermomolecular engine (with an
external heat supply) may become an important step in
overcoming the energy crisis, as it may provide fuel and
structural materials savings, wider use of renewable sources
of heat and as a consequence reduction of energetic and
transport impact on the environment.
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Nomenclature

c mass heat capacity JK%g?
cv volumetric heat capacity JK'm?
do/dT  temperature derivative N m'K?
E volumetric energy density MJ m?
H hysteresis -

HWB heterogeneous working body

k form factor of the pores -

| thermodynamic compactness  J m>K™*
m mass kg

P pressure Pa

q heat J

r pore radius nm

R universal gas constant JK™mol?
T temperature K

TC thermodynamic compactness

v volume m®

W work J

AU difference of potentials A%

Q interface surface m?

38/Vol. 17 (No. 1)

c surface tension Nm?

Y concentration -

v specific volume kg m*

€ compression ratio -

n cycle efficiency -

0 contact angle deg

A pressure ratio -

u molar mass mol

T the degree of expansion -

p density kg m*

0] specific porous volume kg m*

X adiabatic index -

Subscripts

CR critical

m mass

max maximum

min minimum

int intrusion

ext extrusion

\Y volume

Q interface surface
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Table 4. Characteristics of modern HWB.

The composition of HWB HWB parameters
Ne Liquid Matrix I\P;Illgé ll\:;lesté (l(:/t) T.°C A\bl, v, % rﬁ?ﬁ Reference
1 Silica gel KSK(mod. CgHy;Cl5Si) 21 1 95 298 0 0 nla [12]
2 Silica gel(mod. alkyl chains) 34 3 34 203 0 0 0.5-20 [36]*
3 Zeolite SSZ-24 (mod. TMAdaOH?) 58 55 5 env. 0 0 73
4 Zeolite ZSM-22 (mod. 1-butilamine) 186 172 8 env. 0 0 46-57
5 ZeoliteFerrierite (mod. piridine) 147 142 3 env. 0 0 35-48 [17]
6 Zeolite Silicalite-1 (mod. TPABrY) % 91 5 env. 0 0 51-56
Distilled Zeolite Silicalite-2 (mod.
7| water DMDEPOHY) ( 63 58 8 env. 0 0 53-54
8 Silica MTS-1g (mod. n-octyl- 505 478 20 |[h8230 -
dimethylchlorosilane) 595 308 48 [ 298 |
9 Silica MTS-2g? 444 62 86 298 0 0 [55]
10 Silica MTS-3g" 35 25 94 273
11 Silica MTS-4g" 144 -2 .2 273
Silica gel 19 1 95 -
12 SymmetryPrep C8 173 31 82 |y ° 0 42 [6]
13 17 0 100
14 W.s. ethanol Z:gszsﬁluka 100 Cg(mod. silane 7 0 100 0 ;2 * [51]*
15 5 0 100 '
- - env.
16 . . 07 - - 288 &&&
17 | ws. KCl Zeolite CBV-901 HY (mod. SiCl,) 6 14 50 [818 o 2Un oo [24]*
18 11 17 29 358 |
19 16 0 100  env. 0 18+
20 Silica Fluka 100 Cg(see above) 4 0 100 env. 0 5 0 va [22]*
21 2 0 100 env. s -
22 56 56 ~0 | 358 | 0
23 | W.s.NaCl  Zeolite ZSM-5 (no mod.) 82 82 ~0 [295 |0 [0 053 [25]
24 112 112 =0 295 26,
25 9.3 380
26 9.5 200
27 10,7 - -100
;g W.s. KCl Silica Davsil (mod. silyl groups) 1(1); nfa - - 15 7.4 [52]*
30 9.9 4200
31 9.6 4300
32 9.4
33 125
34 145
35 |\ . 157
26 CH,COONa Zeolite ZSM-5 (no mod.) 186 n/a - 58,  0.56 [23]*
7 203
38 180
39 160

Terms and abbreviations used in the table:

* The values obtained from PV-diagrams.

n/a - not available.

env. — Environment temperature. Exact value is not specified.
W.s. - Water solution.

Concentration:

24m. - Mass concentration (yn, );

24v. - Bulk concentration (yy, );

24 - type is not specified.

1) The method of modification - the same as for the MTS-1g.

2) The method of modification is not specified. Material is hydrophobized by the manufacturer.
3) At temperature of -5° C HWB has hydrophilic properties. Intrusion occurs spontaneously, extrusion doesn’t occur.
4) Chemical formula of sarcosil - CH3(CH,);CON(CH3)CH,COONa.
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