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ABSTRACT

“Energy separation” is the re-distribution of the total energy (temperature) in a fluid without external work or
heat. The results of an experimental investigation of the gas-dynamic method of energy separation of a
supersonic air flow are presented. It is shown that in an axisymmetric supersonic channel the presence of a
central body in the form of a cylindrical tube consisting of impermeable and permeable sections leads to the
redistribution of the total energy of the flow. At the central body exit the mass-mean stagnation temperature of
the air increases compared with its initial temperature. Also gas-dynamic method of the energy separation is
investigated more particularly in a long conical supersonic channel with an outer subsonic channel. Rise of the
total temperature of the supersonic flow and reduction of the total temperature of the subsonic flow with various
ratio of mass flow rate are fixed.
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1. INTRODUCTION

There are many examples of the energy separation of a gas flow [1-7]. On the basis of the energy
(temperature) separation phenomenon the machine-free techniques of energy separation of gas flows have
been developed. The overviews of some energy separation techniques and methods can be found in [8-10]
The distinctive feature of the devices based on the machine-free techniques is the absence of mechanisms
powered by the gas flow, such as pistons, blades, etc. In these devices the gas does not make external work
and does not take part in the heat transfer to the surrounding. Thus, a gas flow with an initial stagnation
(total) temperature 7)., having passed through this device is divided into as minimum two flows with the
stagnation temperatures 7y; < Ty, and Ty, > T., that is, the energy separation of the gas flow is realized. The
most widespread techniques of machine-free energy separation include the vortex and resonance methods
realized in the Ranque—Hilsch vortex tubes [11-13] and the Hartmann—Sprenger resonance tubes [14-16]. At
present, there are many types of these devices which have found the application in the industry [17-20].
Their advantages are the simplicity of manufacturing, high reliability, low inertia, the absence of lubrication
systems, and the possibility of operating on a wide range of the working body temperatures. On the other
hand, they possess a considerable shortcoming which restricts their application in thermal engines and
heating plants: this is the high total pressure loss of both cold and hot flows. In [21] a new method of the
machine-free energy separation of a gas flow was proposed; in this method at the device exit the total
pressure is almost conserved for one of two flows. The basic diagram of a machine-free energy separation
device realizing this method is presented in Fig. 1.The compressed gas (air, vapor, gas mixture, etc.) supply
is taken from the settling chamber 1 with the stagnation parameters 7, and Py, into the working section,
where it is divided by partition 2 into two flows 3 and 4. Flow 3 is not subjected to the geometric effect and
remains subsonic, while flow 4 is accelerated in nozzle 5 up to a supersonic velocity.
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Fig. 1 Basic diagram of a device for machine-free energy separation of a flow using the gas-dynamic
method [21]; (/) settling chamber; (2) separating partition; (3) subsonic flow; (4) supersonic flow; (3)
supersonic nozzle; and (6) supersonic diffuser. Stagnation temperature distribution in the boundary layer in
the cases of heat-conducting (/) and thermally-insulated (//) partitions.

It is known [22] that the temperature of a thermally insulated plane wall (adiabatic wall temperature) in a
gas flow is determined by the expression

aw (7/_1) (1)

In the case of a subsonic flow (M,, << I) from Eq. (1) it follows that 7,,, = Ty, while in the supersonic case
(M,, >> 1) it can be taken that 7, = rTy,. In Fig. 1 the broken curve presents the stagnation temperature
profiles in the boundary layers of supersonic and subsonic flows (partition 2 is a flat thermally insulated
plate and » < 1). The partition surface temperatures on the subsonic (7,,,;) and supersonic (7,,,) flow sides
are different. Therefore, if the partition is made heat-conducting, then the heat transfer between the two
flows begins. In this case, the supersonic flow is heated and the subsonic flow is cooled. In this device 7,,, =
7Ty, 1s the greatest, theoretically permissible temperature of the subsonic flow cooling. If » > I, then the heat
flux is directed in the opposite direction. At » = I the heat transfer between the two flows is absent and
energy separation does not occur. The specific heat flux is determined by the expression
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We will consider in more detail the methods of influencing the temperature recovery factor which could be
applied for enhancing the energy (temperature) separation in the device under consideration.

From the approximation of the exact solution of equations of the laminar compressible gas boundary layer on

a flat plate it follows that r = JPr [22]. For the turbulent boundary layer on a flat plate » = IPr . In case of
the turbulent boundary layer on a flat plate and air as a working gas (Pr=0.72) » = 0.9.
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As shown in [23-25], the application of a surface relief (holes, grooves, annular protrusions, notches, etc.) on
a plate leads to a reduction of the surface-average temperature recovery factor. Depending on the surface
relief the local values of » can vary within the limits from 0.82 to 0.91 and the surface-average values from
0.85 to 0.87; thus, one of the means of enhancing the energy (temperature) separation is the application of
the surface relief on the partition 2 (Fig. 1) on the supersonic flow side.

The temperature recovery factor can be very considerably reduced on a porous permeable surface through
which gas is blown into a supersonic boundary layer. The most known experimental results are presented in
Fig. 2 [26]. In this figure the temperature recovery factor is plotted against the injection parameter by =
j/Sty, Clearly, gas injection into a supersonic boundary layer can lead to a considerable reduction in the
temperature recovery factor » on the permeable plate as compared with the impermeable plate.

1.00
. o1
L .2
' L ANGE- g >S5
a] - » 4
- ‘\& = -
5 1 n%l L °5
3] &3 a® = [ QIR
2 4 > %@W'ﬂ I
) opof 1=
R 0"‘-‘; (‘I.?\ [ ] u“".‘
S - o _S.
[} 20 ~a [ ]
2 Ca Py Pe .
{ [e] D-R .-
L .
* 9
> .
n *
_ ™
0.50 T 1 ;
0 2 4 6

Injection parametr by, -

Fig. 2 Experimental dependence of the temperature recovery factor r on the injection parameter by, = j/Sty;
(1) [27], M =3.2; (2) [28], M =2.5; (3) [29], M = 2.3; (4) [30], M = 3; and (5) [31], M = 2.7; broken lines
approximate the experimental data

The gas injection effect on the amount of the heat transferred from the subsonic to the supersonic flow was
theoretically considered in [9, 21, 32-34]. The case of an impermeable wall was theoretically considered in
[9, 21, 33-38].

The purpose of this study is an experimental investigation of the energy (temperature) separation process in a
device realizing the gas-dynamic method described above and the effects which occur if a porous permeable
surface is used as a separating wall.

2. MODELS AND EXPERIMENTAL CONDITIONS

The experimental investigation was carried out in the hypersonic aecrodynamics laboratory of the Institute of
Mechanics of the Lomonosov Moscow State University.

2.1 An setup for investigation an influence of a porous media on the gas-dynamic energy
separation method The working section of the experimental facility is used for the investigation of the
porous permeable surface effects is schematically presented in Fig. 3. An axisymmetric contoured supersonic
nozzle 1 smoothly goes over into the conical tube 2 thus forming a supersonic channel. In the study three
model central bodies differing in the working section material were used; model / had the working section
made of heat insulator (ebonite, £ = 0.16 W/(m K) [39]); model 2 had a heat-conducting working section
(copper tube, k= 384 W/(m K)[39]); and model 3 had a permeable tube (sintered electrocorundum, & = 40
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W/(m K) [40], open porosity of 37 to 38%, the pore diameter of 60 to 65 pm, and the density of 2210 kg/m’).
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Fig. 3. Diagram of the working part of the experimental setup and the model central bodies; (/) supersonic
contoured nozzle; (2) conical tube (ebonite); (3) impermeable tube (ebonite); (4) working section of the
central body; (5) exit diffuser; (6) settling chamber; and (7) coordinate device

During the facility operation the air from the settling chamber 6 arrives to two channels; the first is the inner
channel of the central body and the second is the annular channel formed by the inside surfaces of the
supersonic nozzle and the conical tube and the outside surface of the central body. In the outer channel the
air is accelerated to a supersonic velocity in the supersonic nozzle. At the nozzle exit the nominal Mach
number M = 2.66. In the same section of the inner channel the flow remains subsonic. Then it is the material
of the working section of the model central body that determines the nature of the interaction between the
inner and outer flows. Thereupon the inner flow is decelerated in diffuser 5, while the outer flow flows out
directly into the atmosphere. The investigation included the following measurements. On the lateral surface
of the conical tube 2 (Fig. 3) there were static pressure orifices located at 26 points (13 points on each side);
one more was near the supersonic nozzle exit. In the settling chamber there were three stagnation pressure
(Py ) orifices and four stagnation temperature (79, ) probes. The profiles of the stagnation Py; and static P;
pressures and the stagnation temperature 7y; of the outer and inner flows were measured using special probes
fastened on the coordinate device 7 (Fig. 3). A maximum depth of probe immersion amounted to 40 mm
from the exit section of the conical tube. The outside diameter of the pressure probes was 1.2 mm and that of
the stagnation temperature probe was 1.6 mm. The pressure was measured with the pressure transducers. The
temperature measurements were carried out using chromel-nickel thermocouples. In measuring the
stagnation temperature in the settling chamber the absolute random error was £0.3°C and in measuring the
stagnation temperature profile by means of the probe it was £0.6°C. The investigation included three stages.
In the first stage the central body was the heat insulator (model 1 Fig. 3). The data obtained in this case
corresponded to the regime in which there is no interaction between the flows. They provided the basis for
estimating the energy separation amount in the subsequent stages. In the second stage model 2 was used
(Fig. 3); in this form the setup operated in some accordance with the diagram presented in Fig. 1. In the third
stage the model central body included a permeable section (model 3 Fig. 3). In all the stages the stagnation
parameters in the settling chamber (pressure and temperature) were maintained the same. The measurements
were carried out only after a steady regime has been attained.

2.2 An setup for gas-dynamic energy separation method The working section of the experimental
facility is used for more particular investigation of the gas-dynamic method of the energy separation is
schematically presented in Fig. 4.
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Fig. 4 Diagram of the working part of the experimental setup (a) and scheme (b) for static pressure and
surface temperature measurement; (/) settling chamber; (2) supersonic conical nozzle; (3) conical tube
(brass); (4) heat-insulated tube; (5) exit diffuser; (6) valves; (7) nozzle for mass flow measuring; (8) electric
heater; (9) settling chamber for subsonic channel

Compressed air passed through inlet valves 6 supplies to the setup. The setup’s working part consists of the
supersonic and subsonic channels. The supersonic channel is formed by the axisymmetric conical supersonic
nozzle 2, the conical tube 3 and the supersonic diffuser 5. It is connected with the settling chamber /. The
subsonic channel is formed by the outer surface of the conical tube 3 and the inner surface of a tube 4. The
subsonic channel is supplied by air from the settling chamber 9. The air temperature (7}, ) at the enter of the
subsonic channel is maintained equal to the temperature at the settling chamber / with using of the electric
heater 8. A mass flow rate of the subsonic stream is calculated using the pressure drop in the measuring
nozzle 7. Using the valve 6 the mass flow rate through subsonic channel can be changed. A mass flow rate
through supersonic channel has a constant value during the experiments and is calculated using the
parameters in the settling chamber and the meaning of the critical nozzle area. At the supersonic nozzle 2
exit the nominal Mach number is M = 1.8. In the settling chamber there were three stagnation pressure (P, )
probes and four stagnation temperature (7, ) probes. The profiles of the stagnation temperature at the exit of
the subsonic 7); and supersonic 7y, flows were measured using special probes fastened on the coordinate
device. The outside diameter of the stagnation temperature probes was 1.6 mm. The scheme of setup shown
in Fig. 4(b) is used to measure static the distribution of the static pressure along the supersonic channel. On
the lateral surface of the conical tube 3 there were static pressure orifices located at 8 points; one more head
was near the supersonic nozzle exit. The measurements of the static pressure profile along the supersonic
channel were carried out when tube 4 was removed. Also external surface temperature of the conical tube
was measured with using an infrared scanner in the same experiment. This surface was blackened with soot.
It gave us the opportunity to evaluate the lowest temperature value which we could obtain for subsonic flow
with the same stagnation parameters in the settling chamber. The setup was fully assembled during
temperature profile measurement and the stagnation pressure and temperature in the settling chamber / were
maintained the same as during the static pressure profile measurement. The pressure was measured with the
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pressure transducers. The temperature measurements were carried out using chromel-nickel thermocouples.
In measuring the stagnation temperature in the settling chamber the absolute random error was +0.3°C and in
measuring the stagnation temperature profile by means of the probe it was +0.6°C.

3. RESULTS AND DISCUSSION

3.1 An influence of a porous media on the gas-dynamic energy separation method In Fig. 5 the
stagnation temperature and Mach number profiles in the inner and outer flows are plotted for the three model
central bodies. In the outer flow the measurements were performed at a distance of 7 mm from the exit
section of the conical tube and in the inner flow they were carried out at a distance of 10 mm from the exit
section of the central body diffuser. The Mach number profiles were calculated from the values of the total
and static pressures measured by the corresponding probes at the corresponding points. In the first stage
model / (heat insulator) was used as the central body. In this case, there was no interaction between the
flows. Therefore, the mean-mass stagnation temperatures in the inner and outer channels were the same and
equal to the stagnation temperature in the settling chamber. Before turning to the temperature profiles
presented in Fig. 5(b) we will note the important feature concerning the stagnation temperature measurement
by means of probes in a high-velocity flow. The temperature measured by the thermocouple of the probe is
different from the actual stagnation temperature at this point being somewhat lower. For any particular probe
design on a wide temperature range this difference depends only on the velocity of the flow past the
temperature probe. In particular, the temperature presented in Fig. 5(b) is that measured by the probe rather
than the actual stagnation temperature of the flow. However, in view of the fact that the Mach number
distributions along the inner channel are similar in shape for all the three models Fig. 5(c), the measurements
were carried out using the same probe, and the stagnation temperature range is small, it may be assumed that
at each point of a cross-section the difference in the stagnation temperature, when one model was replaced
by another, was fixed with a sufficient degree of accuracy. Since in the outer channel at the point of
measurement of the stagnation temperature Fig. 5(a) the Mach number profiles Fig. 5(c) are considerably
different for different models, in this case the conclusions on the basis of the measured data should be made
with caution. In what follows, we will discuss only the temperature profiles measured at the central body
exit.

The stagnation temperature in the settling chamber was 21.5 + 0.3°C, while the mean-mass temperature
measured by the probe at the model 1 exit was 18.6 = 0.6°C. This temperature is lower than the stagnation
temperature in the settling chamber in view of the reasons presented above. It was used as the reference
temperature in determining the energy separation in the case of models 2 and 3. In the case of model 2 with a
heat-conducting working section heat transfer between the flows arose. As can be seen in Fig. 5(b), in this
case the temperature profile lies lower; therefore, the heat is removed from the flow. The mean-mass
temperature was 17.2+ 0.6°C. So small difference in the mean-mass temperatures is attributable to the fact
that for the given heat transmission coefficient value the area of the working surface of model 2, through
which the heat transfer was realized, was insufficient for achieving sufficient cooling effect. Thus, both the
heat transfer area and the heat transmission coefficient must be increased in order to enhance the energy
separation effect (all other things being the same). Such investigation is discussed below.

An interesting result was obtained in the case of model 3. The mean-mass temperature at the central body
exit turned out to be 25.8 + 0.6°C which is about 7°C higher than in the absence of the interaction between
the flows (model 1). It was necessary to understand the reason for heating the inner flow. As shown in Fig. 2,
gas injection into the supersonic flow reduces the temperature recovery factor and, therefore, a more intense
heat transfer between the flows and a more considerable reduction in the temperature at the central body exit
than in the case of model 2 might be anticipated [9, 21, 33].
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Fig. 5 Setup (a) and flow temperature (b) and Mach number (c) profiles measured at distances of 7 mm
from the exit section of the outer channel (I) and 10 mm from the exit section of the exit diffuser (I); 7., =
21.5+0.3 °C.

With this in mind, we measured the total and static pressure profiles in the inner and outer channels at
distances of 20 and 30 mm from the exit section of the outer channel Fig. 6(a). In this case, the central body
(model 3) had no exit diffuser. The further immersion of the probe was limited by its design features. It
turned out that on the measured depths the flow within the porous permeable tube is supersonic, while in the
annular channel it is subsonic Fig. 6(b).
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Fig. 6 Setup (a) and Mach number distribution in the cross-sections of the inner and outer channels (b);
depth of 20 and 30 mm ; the central body is model 3 without the exit diffuser

The result obtained can be explained as follows. We will base on the results obtained using numerical
simulation of the turbulent boundary layer on a permeable surface [34]. We will consider the integral energy
relation derived on the basis of the energy equation for the stagnation enthalpy 4, =  + 0.54°, when the

gas flows along a cylindrical channel in the presence of mass transfer (injection or suction)

R

d | R k ( dh

o [t b dm= sl o) (G =i O
0 P w

where R and Ry are the current radius and the tube radius, /. is the stagnation enthalpy in the

undisturbed flow (at the tube entry), 4, is the gas stagnation enthalpy at R = Ry, ¢, is the

C

P

analogous relation in the case of a plane flow can be found in [41]. From eq. (3) it follows that a variation in
the stagnation enthalpy of a gas flow /4, that takes part in heat and mass transfer, is possible at the expense of
the diffusive and convective mechanisms of the stagnation enthalpy transfer through the wall separating the
interacting gas flows. The relations between these fluxes for different relative velocities of the interacting gas
flows are considered in detail in [34]. The internal flow heating can be explained on the basis of the
assumption that at a certain distance from the beginning of the porous section this flow acquires a velocity

. . dhy\ . o
convective enthalpy flux, ¢, = —i(—oj is the diffusive heat flux to the wall. The derivation of an
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higher than that of the external flow, which is experimentally confirmed at x = 120 mm (depth 30 mm) Fig.
6(b). In this case, Ay, < hy, and the terms on the right side of eq. (3) are summed, since the diffusive heat
flux is directed from the external to the internal flow. The convective enthalpy transfer favors the removal of
the “cold” gas of wall layers from the boundary layer of the internal flow, thus increasing the temperature of
the remaining gas. Thus, the gas suction from the inner channel not only accelerates the flow up to
supersonic velocities but also favors the enhancement of the energy separation of the flows due to the
addition of the diffusive and convective heat transfer mechanisms.

In Fig. 7 the static pressure distribution along the annular channel length is presented for the models of all
the three types. In the case of models / and 2 the static pressure profile is smooth and the pressure slowly
decreases to x = 120 mm. Therefore, in the region from x = —4 to x = 120 mm the air flow remains
supersonic and is accelerated somewhat, that is, the effect of the channel area-of-passage expansion due to
conicity is predominant over the effects of the friction work. Then, starting from x = 120 mm the flow is
decelerated in a “pseudoshock” (region of supersonic-to-subsonic flow transition). This pattern, typical of
supersonic flow deceleration in channels, is described in detail in [42].
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Fig. 7 Static pressure distribution (a) along the length of the outer annular channel and within the porous
permeable tube (model 3); the stagnation pressure in the plenum chamber Py.,= 0.74 MPa; diagram of the location
of the static pressure heads (b).

In the presence of the flow-rate (injection) effect (Fig. 7, model 3) the static pressure profile considerably
changes. At the point with the coordinate x = 7 mm there is a static pressure splash due to the beginning of
injection into the supersonic flow and then a continuous static-pressure growth can be observable. The nature
of the pressure distribution makes it possible to conclude that the supersonic flow is considerably decelerated
and goes over into a subsonic flow through a “pseudoshock™ on the interval from x = 60 to 100 mm. The
probe measurements showed that at the point with the coordinate x = 120 mm the flow is subsonic. Thus, the
mass transfer through the porous permeable region leads to flow acceleration in the inner channel up to
supersonic velocities and to considerable flow deceleration in the outer annular channel. It should be noted
that in the inner channel the static pressure in the probe measurement region x = 120 to 140 mm remains
higher than the static pressure of the flow in the annular channel (Fig. 7). Therefore, it may be asserted that
the mass transfer direction does not change when the flow in the annular channel becomes sonic. The more
detailed information can be find in [43].

To provide a deeper understanding of the processes occurring during the acceleration of the gas flow moving
in a channel with permeable walls in the presence of the thermal and gas-injection up to supersonic velocities
an experimental investigation must be performed with large-scale models which would make it possible to
obtain the local flow parameters with a high accuracy and reliability.
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3.2 The results of the gas-dynamic energy separation method In Fig. 8(b) the experimental and nominal
distributions of the static pressure are presented.
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Fig. 8 Setup (a) and static pressure (b), Mach number (c) and temperature of the outer surface (d)

distributions along the length of the supersonic channel; the stagnation pressure and temperature in the
settling chamber Pj,,= 1.41 MPa, T,,=25+0.3 °C, G,=0.066+0.007.

The nominal distribution of the static pressure and Mach number (Fig 8b-c) was obtained as a

solution of equations for one-dimensional flow with friction and area change [44] for conditions
and geometry realized in the experiments. Fig.8(c) shows a temperature of the outer surface of the

10
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supersonic channel measured with infrared devices. The raise of the static pressure and the surface
temperature at the distance x = 600mm took place because of the supersonic diffuser did not work
properly so the shock wave was at the exit of the supersonic channel. Still the temperature of the
outer surface of the supersonic channel is lower than stagnation temperature in the settling chamber
hence a stream which had a temperature equals to the stagnation temperature and a velocity much
lower than supersonic one can be cooled being in contact with this surface. So the machine-free
energy separation will take place.
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stagnation pressure and temperature in the settling chamber Py,= 1.41 MPa, Ty,= 7),,=25+0.3 °C,
G,=0.066%0.007.
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Fig. 9(a) shows the stagnation temperature distribution measured with probes at the exit of the
supersonic diffuser for different values of the relative mass flow rate through subsonic channel (the
mass flow rate through supersonic channel was constant). Fig. 9(b) shows the stagnation
temperature distribution measured with probes at the exit of the subsonic channel for the same
values relative mass flow rate through subsonic channel. The stagnation temperatures of the air in
the both settling chambers were the same throughout all experiments. As can be seen presence of
the subsonic flow leads to the heating of the supersonic flow and the more is a mass flow rate of the
subsonic flow the less ones temperatures differs from the initial stagnation temperature. Fig. 10
shows an absolute value of heating of the supersonic flow and an absolute value of cooling of the
subsonic flow. As can be seen the regime with lowest flow rate through subsonic channel gives a
maximum temperature separation effect. It should be noticed that 7}, in Fig.10 represent mean-area
temperature of a gas flow.
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Fig. 10 An absolute value of the temperature separation with for different values relative mass flow rate
through subsonic channel; the stagnation pressure and temperature in the plenum chamber Py.= 1.41 MPa,
T9.=25%+0.3 °C, G,=0.066+0.007; (1) - Ty,-Tp heating of the supersonic flow, (2) - Ty;-Ty;. cooling of the
subsonic flow, (3-4) — heat balance

6. CONCLUSIONS

A new machine-free energy separation method of an air flow was investigated experimentally. As a
result of the interaction between subsonic and supersonic streams, the energy exchange between the
streams occurred and the energy separation took place. The subsonic stream was cooled and the
supersonic one was heated. Also it was shown that a transverse mass flow can have a significant
and sometimes unexpected effect on the energy separation. The fact of the reversion of energy
(temperature) separation of the streams when replacing an impermeable wall by a permeable one
was established.
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NOMENCLATURE

Mach number (-) Y adiabatic exponent (-)
Stanton number (-) R radius (m)
temperature (K) X Cartesian coordinate (m)
pressure (Pa) S thickness (m)
mass flow rate (kg/s)
injection parameter (-) SUBSCRIPTS
recovery factor (-) 0 stagnation (total)
heat flux (W/m?) 00 frge—strgam
thermal conductivity ( W/m K) a adiabatic wall

i . w wall
specific heat capacity (J/kg K) ; number
velocity (m/ 52) 1 subsonic
mass velocity of flux (kg/m?s) 2 supersonic
transverse mass velocity c cold

of flux ( kg/m’s) h hot
relative injection intensity (- ) M compressible
heat transfer coefficient ( W/m°K )
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