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Abstract

In the RanqueÐHilsch vortex tube a compressible ~uid "e[g[\ air# experiences an expansion process leading to separation
into a cold and hot gas stream[ The compressible ~ow and energy separation phenomena are simulated numerically by
using the code system CFX[ In order to calculate successfully the energy separation\ the numerical model had to be
extended by integrating relevant terms for the shear!stress!induced mechanical work[ An axisymmetric model was
developed\ allowing a successful post!calculation of experimental results[ Þ 0887 Published by Elsevier Science Ltd[ All
rights reserved[

Nomenclature

A area ðm1Ł
cp speci_c heat at constant pressure ðJ kg−0 K−0Ł
EV change of energy per unit volume with respect to
time ðW m−2Ł
h enthalphy ðJ kg−0Ł
H total speci_c enthalpy ðJ kg−0Ł
k turbulence kinetic energy ðm1 s−1Ł
l length ðmŁ
Mai inlet Mach number
Mþ mass ~ow rate ðkg s−0Ł
p pressure ðbarŁ
PrT turbulent Prandtl number
r\ u\ z cylindrical coordinates ðmŁ
Reu\p tangential Reynolds number
T temperature ðKŁ
t time ðsŁ
v velocity ðm s−0Ł
vu tangential velocity ðm s−0Ł
vr radial velocity ðm s−0Ł
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0Dedicated to Professor J[ U[ Keller\ University of Siegen\
Germany\ on the occasion of his 59th birthday[

vz axial velocity ðm s−0Ł[

Greek symbols
o turbulence dissipation rate ðm1 s−2Ł
l thermal conductivity ðW m−0 K−0Ł
m dynamic viscosity ðkg m−0 s−0Ł
j mass ~ow fraction
r density ðkg m−2Ł
s stress ðN m−1Ł
t shear stress ðN m−1Ł
v angular velocity ðs−0Ł[

Subscripts
c cold gas
D di}usion
h hot gas
i inlet in the vortex tube
L laminar
M mechanical energy
p compressed inlet air
ref constant reference value
t total
T turbulent
r\ u\ z radial\ tangential\ axial
9 tube radius\ tube length
0 _rst iteration
1 second iteration[
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0[ Introduction

The separation of a gas stream into a cold and a hot
fraction by means of a vortex tube reported for the _rst
time by Ranque ð0Ł[ His design of the vortex tube has
later been improved by the German physicist Hilsch ð1Ł\
who arranged a diaphragm at the cold gas site[ A quali!
tative set!up of the vortex tube is shown in Fig[ 0[ The
compressed air in the ring chamber "State p in Fig[ 0#
enters the vortex tube tangentially through the inlet noz!
zles and develops an approximately axisymmetric vortex
~ow[ From State p to i the compressible ~uid expands
and accelerates[ Under the in~uence of centrifugal forces
the injected gas is pressed towards the tube wall[ Close
to the wall the helical gas ~ow "Fig[ 0# is directed to the
hot gas outlet[ From State i to h the gas is heated by
dissipation " friction#\ especially near the tube wall\ where
the velocity gradients are highest[ Cold gas is formed by
radial expansion towards the center line of the vortex
tube[ As depicted in Fig[ 0\ the cold gas ~ows to the
cold gas exit "State c# along helical stream lines[ The
temperature of the hot gas leaving the vortex tube is well
above those at the gas inlet\ while the cold gas is well
below it[ As an example "Camire� ð2Ł#\ for air at 2 bar
absolute and 189 K at the inlet\ a hot gas temperature of
Th � 229 K and a cold gas temperature of Tc � 159 K
has been obtained[

The energy separation augments with an increase of
the pressure relation from inlet to cold gas pressure pp:pc

"inlet*cold gas condition p\c in Fig[ 0#[ According to
experimental results obtained by Stephan ð3Ł\ the di}er!
ence between the inlet and the cold gas total temperature
DTt\c increases from DTt\c � −16 K at an inlet pressure
of pp � 2 bar to DTt\c � −27 K at pp � 4 bar "cold gas
fraction in both cases 29) of the total mass ~ow at the
gas inlet#[ The total speci_c enthalpy di}erence DHc\p of
the cold gas c compared to the compressed inlet gas p

describes the change of the mass speci_c thermal and
mechanical energy against the inlet condition]

Fig[ 0[ Qualitative set!up of the RanqueÐHilsch vortex tube[
Simpli_ed representation of the helical stream lines for hot and
cold gas[

DHc\p � cpDTt\c\p � cpDTc\p¦
v1

c

1
"0#

The velocity increases from approximately vp ¼ 9 m s−0

in the ring chamber to the cold gas velocity vc[ As a
consequence the kinetic energy rises "v1

c :1 × 9# and the
thermal energy decreases "cp DTc\p ³ 9#[ For the cold gas
the total enthalpy decreases compared to those of the
compressed inlet gas p\ because the thermal energy
decrease exceeds the kinetic energy increase due to kinetic
energy transfer to the outer region by means of friction
forces "shear stresses#[ Consequently\ in the hot gas both
the kinetic and thermal energy rise and the total enthalpy
exceeds those of the inlet gas[

1[ Transport of mechanical energy

Therefore\ for the formation of substantial tem!
perature di}erences in the vortex tube an energy exchange
between cold and hot gas is responsible[ The temperature
decrease due to expansion is comparable to those in a
turbine[ Although in the vortex tube are no rotating walls\
there are rotating ~uid layers exchanging mechanical
energy by friction[ A model of this mechanism is rep!
resented in Fig[ 1[ The radially expanding cold gas
increases its angular velocity vc\ i[e[\ the inner layers
rotate faster than the outer ones[ The shear stresses pro!
duce an outwards directed mechanical energy ~ux EM

"de_nition and transport of mechanical work are
described by Rogowski ð4Ł and Heinisch ð5Ł#[ The hot
gas receives this energy\ which predominantly dissipates
around the boundary layer of the tube wall[ The di}usive
energy ~ux ED however is directed inwards[

Fig[ 1[ Schematic representation of the radial energy ~uxes in
the vortex tube "EM] mechanical energy ~ux\ ED] di}usive energy
~ux#[
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The rate of work done by viscous forces on a volume
element is −9 = ðt = vŁ[ The essential shear stress]

tru � −mr
1v

1r
� −m0

1vu

1r
−

vu

r 1\ "1#

in the vortex ~ow is directed tangentially and is produced
by ~uid layers rotating with di}erent angular velocities[
If the ~ow in the vortex tube is assumed to be axisym!
metric\ the shear stress tru causes the di}erential mech!
anical work ~ux]

dEM � vutrudAr � −m0vr1 1v

1r 1 dAr\ "2#

which is transferred through the di}erential surface dAr

of the cylinder with the radius r and the length dz[ In
the vortex tube ~ow "Chapter 2# the angular velocity
decreases in radial direction "negative gradient 1v:1r#[
The mechanical work ~ux EM\ directed radially outwards
"see Fig[ 1#\ is partially compensated by the di}usive
energy ~ux ED directed radially inwards[

2[ Numerical model and application

The compressible and turbulent vortex tube ~ow has
been investigated numerically by ð6Ł with the code system
CFX " _nite volume program from AEA Technology#[
This program allows the calculation of compressible and
turbulent ~ow[ The basic set of equations solved by CFX
comprises conservation of mass\ momentum and energy\
expressed as balance equations for the change of mass\
momentum and energy per unit volume with respect to
time "CFX!Manual ð7Ł and Bird ð8Ł#[ These are the con!
tinuity equation

1r

1t
¦9 ="rv# � 9\ "3#

the momentum equation "the gravity is neglected#

1rv
1t

¦9 ="rv & v# � 9 = sT "4#

where

s � −pd¦mT"9v¦"9v#T# � −pd−tT "5#

is the stress tensor\ and the energy equation "the gravity
is neglected again#

1rH
1t

¦9 = ðrvHŁ �
1p
1t

¦9 = $0
l

cp

¦
mt

PrT19H%
zxxxcxxxv

E
V\D

−9 = ðtT = vŁ
zVZv

E
V\M

\ "6#

where

H � h¦
v1

1
¦k "7#

with the speci_c static enthalpy h\ the speci_c kinetic
energy v1:1 and the speci_c turbulence kinetic energy k[
The terms EV\D and EV\M describe the speci_c energy
change through turbulent di}usion "Index D# and tur!
bulent mechanical work transfer "Index M#[ As stated
above\ friction forces cause mechanical energy transfer\
which is superimposed and partially compensated by
counter current heat transfer mainly due to di}usion
processes[ The turbulent di}usion can be based on the
turbulent Prandtl number PrT � cp mT:lT[ The relation of
the mechanical work ~ux to the di}usive energy ~ux
"EM:ED# increases in the numerical model "see equation
"6## with the turbulent Prandtl number[ Therefore\ the
turbulent Prandtl number is a governing parameter for
the strength of the energy separation "Chapter 2#[

Fulton ð09Ł states\ that the work ~ux directed outwards
is higher than the heat transfer directed inwards[ The
relation of the radial energy ~uxes "EM:ED# is in~uenced
by unsteady e}ects[ Experimental results show\ that per!
iodical resp[ turbulent ~uctuations in~uence the energy
transfer in the vortex tube essentially[ Measurements
from Kurosaka ð00Ł show clearly\ that the suppression of
the vortex whistle at a turned frequency leads to a
decrease of the energy separation[ The in~uence of
unsteady e}ects can indirectly be considered in the
numerical model by increasing the turbulent Prandtl
number[

The vortex tube ~ow was investigated by modelling the
Bruun!experiment ð01Ł with the CFX code[ The essential
geometric dimensions and boundary conditions of the
experiment were]

, tube length l9 � 419 mm\
, tube radius r9 � 36 mm\
, radius of cold gas outlet ori_ce rc � 06[4 mm\
, inlet area Ai � 252 mm1 "3 nozzles#\
, inlet mass stream Mþ p � 9[01 kg:s\
, inlet pressure pp � 1 bar "absolute#\
, inlet total temperature Tt\p � 183 K\
, cold gas fraction jk � 9[12\
, cold gas total temperature di}erence DTt\c\p � −19 K\
, hot gas total temperature di}erence DTt\w\p � ¦5 K[

The numerical axisymmetric calculation model is rep!
resented in Fig[ 2[ The inlet mass ~ow

Mþ p � Mþ i � rivr\iAi � 9[01 kg:s\ "8#

is given by the radial velocity vr\i � 08[3 m s−0[ The mass
~ow can be de_ned at the outlet of the inlet nozzle for
compressible ~ow\ because the inlet density for air under
normal conditions\

ri\ref �
pref

RTi

�
0[902 = 094

176 = 163[2
kg

m2
� 0[18

kg

m2
\ "09#

at the nozzle outlet is set constant by the CFX code[
Hence\ the reference pressure pref corresponds to the
ambient pressure speci_ed[ The inlet Mach number
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Fig[ 2[ Axisymmetric CFX!model with boundary conditions at
the inlet and outlets for calculation of the vortex tube experiment
from Bruun[

Mai � 9[5 can be calculated with the inlet tangential vel!
ocity vu\i � 088 m s−0\ the inlet temperature Ti � 163[2 K
and the speed of sound ai � 221 m s−0[ The inlet total
temperature then results to Tt\i � 183 K[ Constant pres!
sure conditions can be assigned to the radially positioned
inlet and outlet openings "see Fig[ 2#[ The energy sep!
aration is calculated independently by extrapolation of
the velocities vc resp[ vh and the temperatures Tc resp[ Th

at the outlets[ The temperature and velocity di}erences
related to the inlet allow the calculation of the total
temperature di}erences DTt\i!c resp[ DTt\i!h\ by equation
"0#\ between the inlet i and the outlets c\ resp[ h[ The
pressure di}erence of 9[26 bar between the hot and cold
gas outlet leads to a cold gas mass ~ow fraction of
jc � Mþ c:Mþ i � 9[13[ The tube walls are considered to be
adiabatic and the no!slip condition is used[

The application of the kÐo!turbulence model leads to
substantial di}erences between measured and calculated
tangential velocity pro_les "Fig[ 3#[ The dissipation in the
inner region is too large "the calculated turbulent vis!

Fig[ 3[ Comparison code*experiment] tangential velocity pro!
_les calculated by using the kÐo!turbulence model or the cor!
relation from Keyes "see equation "00#\ dimensionless tube
length z:l9 � 9[87\ z � 498[5 mm#[

cosity is up to 1999 times higher than the laminar vis!
cosity# for the measured\ radially inwards directed trans!
fer of the maximal tangential velocity[ At the hot gas end
of the vortex tube "dimensionless tube length z:l9 � 9[87#
the maximal tangential velocity is located by the dimen!
sionless radius r:r9 � 9[814[ The measurements from
Bruun show in Fig[ 3 that the maximal tangential velocity
of v9 � 050 m s−0 occurs at the dimensionless radius
r:r9 � 9[5[

A much better approximation of the measured results
can be achieved\ when the kÐo!turbulence model is
replaced by the correlation from Keyes ð02Ł]

mT

mL

� 1[92 = 09−2Re9[75
u\p \

Reu\p �
1rpvu\prp

mL

[ "00#

The relation from turbulent to laminar viscosity mT:mL

depends on the Reynolds number Reu\p[ The peripheral
"Index p# tangential velocity vu\p and peripheral density
rp were located by Keyes close to the tube wall[ In the
CFX Model "see Fig[ 4# for the calculation of the Rey!
nolds number according to equation "00# the numerical
results of the peripheral tangential velocity vu\p and per!
ipheral density rp in both _nite volumes close to the wall
"directly behind the inlet and before the hot gas outlet#
were used[ The arithmetic mean was used as the constant
turbulent viscosity in the whole grid[

For the numerical solution of the equations for the
conservation of mass\ momentum and energy "see equa!
tions "3#Ð"7## for compressible ~ow\ an adaptive time
stepping procedure with 599 time steps was used "real
time of the numerical calculation] 9[25 s\ time steps] 9[3Ð
9[7 ms#[ It is necessary to solve this problem by two
iterations\ because the speci_cation of pressure values
"Dirichlet boundary condition# at both outlets leads to
numerical instabilities[ In the _rst iteration procedure at
the hot gas outlet the radial velocity was speci_ed by

vr\h\0 �
jh\0Mþ i

rh\ref\0Ah

�
9[66 = 9[01

0[1 = 3[7 = 09−2

m
s

� 05
m
s

\ "01#

with the constant hot gas density]

rh\ref\0 �
pref

RTref

�
0[902 = 094

176 = 183
kg

m2
� 0[1

kg

m2
\ "02#

where the reference values of pressure pref � 0[902 bar
and Tref � 183 K corresponds with the speci_ed ambient
values[ The speci_cation of the radial velocity at the hot
gas outlet gives information about the hot gas ~ow frac!
tion to the numerical model and gives the possibility to
adjust the cold gas ~ow fraction]

jc\0 �
Mþ c

Mþ i

� 0−jh � 0−
rh\ref\0vr\h\0Ah

Mþ i

� 9[12[ "03#

In the second iteration procedure the calculated hot gas
pressure ph\l � 0[27 bar "see Fig[ 2# of the _rst iteration
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Fig[ 4[ Grid with representation of the arithmetic mean of the relation mT:mL after the correlation from Keyes "see equation "00##[

Fig[ 5[ Velocity pro_les of the CFX calculation[

was speci_ed at the hot gas outlet "ph\1 � ph\0#[ The
numerical results of the _rst step were given as initial
start conditions for the second iteration[ The calculated
hot gas temperature is Th\1 � 182 K and the hot gas
density]

rh\1 �
ph\1

RTh\1

�
0[27 = 094

176 = 182
kg

m2
� 0[53

kg

m2
[ "04#

In the second step\ compared to the _rst step the hot gas
density increases "see equations "02# and "04## and the
hot gas radial velocity decreases "see equation "01## to
vr\h\1 � 00[5 m s−0[ The calculated cold gas ~ow fraction
jc\1 � 9[13 corresponds approximately with the exper!
imental cold gas ~ow fraction jc � 9[12[

3[ Results

The inlet total pressure]

pt\i � pi¦
ri

1
v1

i � pi00¦
v1

i

1RTi1� 0[77 bar "05#

calculated from the numerical results of the inlet pressure
pi � 0[4 bar and the inlet boundary conditions*velocity
vi � 199 m s−0 and temperature Ti � 163[2 K*is smaller
than that measured by Bruun in the air inlet tube "pp � 1
bar#\ while the pressure loss in the vortex generator\ from
state p to state i "see Fig[ 0#\ is not included in the numeri!
cal model[

Velocity pro_les are shown in Fig[ 5\ the axial and
radial ~ow patterns are sketched in Fig[ 6[ The length of

the lines in Fig[ 5 are proportional to the magnitude of
the velocity[ The outer stream is directed to the hot gas
outlet and the inner stream to the cold gas outlet[ Close
to the wall the radially expanding ~uid causes an axial
velocity decrease from 31 m s −0 to 17 m s −0[ The
back~ow to the cold gas outlet can be divided into an
inner and outer part[ In the outer part the axial velocity
increases from 3 m s −0 at the hot gas outlet to maximal
01 m s −0[ In the inner part the axial velocity increases to
maximal 22 m s−0 at the cold gas outlet[

The mass ~ow fractions given in Fig[ 6 are related to
the inlet mass ~ow[ The rotating air enters the vortex
tube radially and is pressed towards the tube wall under
the in~uence of centrifugal forces and ~ows axially
directed to the hot gas outlet[ In the area of the hot
gas outlet the ~uid is divided into the hot gas fraction
jw � 9[65 and the radially inwards expanding part of

Fig[ 6[ Axial and radial ~ow patterns of the vortex tube ~ow\
calculated from the numerical CFX results[
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Fig[ 7[ Comparison code*experiment] tangential velocity pro!
_les by the dimensionless tube length z:l9 � 9[12 "z � 008[5 mm#
and z:l9 � 9[87 "z � 498[5 mm#[

jr\w � 9[01[ This ~uid increases its tangential velocity
"Fig[ 7# and develops the beginning of the back~ow at
the dimensionless radius r:r9 � 9[5 "Fig[ 5\ tube radius
r9 � 36 mm#[ The back~ow increases continuously\ due
to supply from the radially expanding ~uid[ Near the
wall\ 16) of the inlet mass ~ow expands radially inwards
and is mixed together with the part jr\w � 9[01[ Near the
left end of the tube\ the resulting back~ow is divided into
an outwards directed part of jr\i � 9[04\ which mixes with
the inlet ~ow and the fraction of the cold gas outlet ~ow
jc � 9[13[ As a conclusion\ an axial!radial circulating
secondary ~ow jr\i � 9[04 can be indicated\ which receives
energy from the cold gas\ transmitted radially outwards
to the hot gas[

The correlation from Keyes "see equation "00## leads
to a Reynolds number Reu\p � 0[3=095 and a ratio mT:mL

between turbulent and laminar viscosity of 283[ The
resulting tangential velocity pro_les are shown in Fig[ 7[
The inlet tangential velocity from 088 m s−0 decreases
until the dimensionless tube length reaches z:l9 � 9[12 at
a maximal velocity of 064 m s−0[ The tangential velocity
dissipates in the outside area "r:r9 × 9[6# in axial direc!
tion[ The velocity close to the wall "r:r9 � 9[864#
decreases from 051 m s−0 "z:l9 � 9[12# to 003 m s−0

"z:l9 � 9[87#[
The radial pressure gradient]

1p
1r

� r
v1

u

r
\ "06#

causes a radially expanding ~uid[ The inwards directed
transfer of rotational impulse is connected with the

Table 0
CFX!calculated cold:hot gas total temperature di}erences to the
inlet total temperature for several turbulent Prandtl numbers
PrT and results measured by Bruun[

DTt\c DTt\h

"K# "K#

CFX "PrT � 9[8# −09[4 2[2
CFX "PrT � 0[7# −02[6 3[2
CFX "PrT � 1[6# −04[6 4[9
CFX "PrT � 8[9# −19[9 5[2
Experiment by Brunn −19[9 5[9

change of position of the maximal tangential velocity
radially inwards\ e[g[\ to the dimensionless radius
r:r9 � 9[5 at the hot gas tube end "dimensionless tube
length z:l9 � 9[87#[ The calculated tangential velocity
pro_les approximately agree with the measurements[

The total temperature di}erences of the hot and cold
gas in dependence of the turbulent Prandtl number are
given in Table 0[ The total temperature di}erences can
be enlarged by increasing the turbulent Prandtl number[
The mechanical work ~ux increases related to the di}us!
ive energy ~ux "see equation "6##[ The increase of the
turbulent Prandtl number PrT from 9[8 to 8[9 "see Table
0# produces the same cold gas total temperature di}er!
ence DTt\c � −19 K as in Bruun|s experiment[

The energetic processes in the vortex tube ~ow can be
analyzed by using the numerical CFX results[ Tem!
perature changes during the expansion of the cold gas\
from the beginning of the back~ow C0 in direction of the
cold gas outlet C1\ are shown in Fig[ 8[ The cold gas

Fig[ 8[ Changes of real and total temperatures for the expansion
of the cold gas "C0] dimensionless radius r:r9 � 9[514\ C1]
dimensionless radius r:r9 � 9[164# according to the CFX results
for PrT � 8[
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expands from 0[13 to 0[92 bar and decreases its velocity
from 050 to 094 m s−0[ The temperature is reduced from
164 to 155 K\ the di}erence DTt of the total temperature
is −05[3 K[

The decrease of the total energy of the cold gas can
also be explained by the represented processes in the TÐ
DTt!diagram in Fig[ 8[ The velocity increases through
isentropic expansion from the pressure at state C0 to
those at state C1 from 050 to 124 m s −0[ The temperature
decreases to 159 K[ For an additional decrease of the
total temperature it is necessary that the cold gas looses
kinetic energy too[ The di}erence of the kinetic energy
between 124 m s−0 "state after isentropic expansion# and
094 m s−0 "state C1# equals a total temperature di}erence
of −11 K[ This total temperature di}erence is reduced
to DTt\c � −05 K by dissipation and heat transfer\ caus!
ing in turn a temperature rise from 159 to 155 K[ The
results explain that the expansion results in kinetic energy
production\ which is transferred to the hot gas and to a
lesser portion converted back into heat directly by dis!
sipation[

The state of change for the dissipation of the hot gas
is shown in Fig[ 09[ The pressure is reduced from state
H0 "0[34 bar# to H1 "0[27 bar# by the in~uence of the wall
friction[ The equivalent isentropic expansion produces
an increase of the velocity from 196 to 114 m s−0[ The
di}erence of the kinetic energy between 114 m s−0 "state
after isentropic expansion# and 008 m s−0 "state H1#
dissipates and causes an 07 K temperature increase " from
158 to 176 K#[ Additionally\ the hot gas receives mech!
anical energy from the inner layers\ which dissipates as
well and leads to a further temperature increase\ which is
however partly compensated by heat transfer to the cold

Fig[ 09[ Changes of real and total temperatures for the dis!
sipation of the hot gas "dimensionless radius r:r9 � 9[764#
according to the CFX results for PrT � 8[

gas[ As a consequence\ the additional net temperature
increase amounts to 5 K\ leading to 182 K in state H1[

4[ Conclusions

The energy transfer from the cold to the warm gas
has been explained by mechanical work transfer[ In the
vortex tube the ~uid layers rotate with di}erent angular
velocities[ Due to friction\ inner gas layers are decelerated
by layers near the tube wall\ causing transfer of mech!
anical energy from the cold to the hot gas[ The numerical
results show that it is possible to calculate the com!
pressible ~ow and energy separation phenomena numeri!
cally[ In order to assess the energy transfer\ terms of work
done on ~uid by viscous forces "shear stress!induced!
mechanical work# has to be integrated into the numerical
model[

For the numerical model the usage of an axisymmetric
model with radially assigned inlet and outlets is possible[
With the pressure drop from the hot to the cold gas
outlet the cold gas ~ow fraction jc could be adjusted[
The application of the kÐo!model leads to substantial
di}erences between measured and calculated tangential
velocity pro_les[ For the calculation of the turbulent vis!
cosity\ the kÐo!model can be replaced by the correlation
from Keyes ð02Ł[ The transient solution procedure of the
CFX ~ow model needed two iteration processes\ because
the direct speci_cation of pressure values at both outlets
leads to numerical instabilities[ The strength of the energy
separation can be _tted to both measured total tem!
perature di}erences "cold:hot gas to the inlet total tem!
perature# by increasing the turbulent Prandtl number\
leading to a damping of the turbulent di}usion in favour
of the transfer of mechanical work[ Furthermore\ by
means of an axial!radial ~ow diagram\ a circulating sec!
ondary ~ow*receiving energy from the cold gas\ trans!
mitted outward to the hot gasÐcould be identi_ed[ A
comparison of the change of state for cold and hot gas
shows that in the cold gas the expansion and in the hot
gas the dissipation predominates[ The expansion causes
a cooldown e}ect in the cold gas[ Mechanical work is
transferred from the cold to the hot gas by friction\ inten!
sifying dissipation processes there\ which result in a tem!
perature increase of the hot gas portion[
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