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Pneumatic energy is converted into solid particle kinetic energy as a solid-particle-entrained gas flows downward through a vertical
nozzle. For the conditions studied, the solid particles serve as a heat exchange medium to enable a gas expansion that is nearly
isothermal. Also, the kinetic energy associated with the two-phase fluid is predominantly that associated with subsonic solid-
particle motion. The kinetic energy of the solid particles is converted into other forms using a low-speed turbine. A theoretical
description of the process is presented, and the initiation of an experimental effort to study the process is described. Experimental
gas phase temperature measurements indicate the realization of isothermal expansion. Experimental turbine erosion rate measure-
ments indicate that relatively low erosion rates occur for the conditions studied.
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1. Introduction

Gas-solid two-phase flows have been studied extensively,
particularly with respect to pneumatic conveying (Wypych
2008; Sæther et al. 2009; Klinzing et al. 2010) erosion in pipes,
power turbines, and impeller fans (Grant and Tabakoff
1975; Parslow et al. 1999; Graham et al. 2010), and material
removal processes including microabrasive air jet machining,
sandblast finishing and air-abrasion dentistry (Wang and Li
2003; Li et al. 2009; Hegde and Khatavkar 2010). However,
solids suspended in flows moving through rotating power
machinery are typically viewed as detrimental. When parti-
cles impact turbine blades, they erode the aerodynamic sur-
faces, leading to efficiency degradation (Hamed et al. 2006).
Unwanted solid particulates can exist within flows through
turbomachinery as a consequence of combusting coal and
solid biomass fuels (Wright 1987; Wright et al. 2000). More-
over, air-breathing gas turbines can ingest particulates from
the environment (Hamed et al. 2006). The presence of parti-
culates in gasflows through turbomachinery has motivated
research on mitigating turbine blade erosion, including
using protective coatings and particle separation methods
(Tabakoff 1989; Musgrove et al. 2009).

A critical and novel aspect of the research reported here is
that a non-detrimental view is adopted of particulates sus-
pended in gas flows through power turbines. Solid particles
are intentionally placed in the flow as a means of executing
an isothermal gas expansion to maximize energy extraction
while converting the energy of gas expansion to kinetic

energy of the suspended particles for mechanical extraction
by the turbine. Turbine erosion is mitigated by operating
at a low relative speed between the suspended particles and
the turbine surfaces.

Past evaluations of solid=gas flows through turbomachin-
ery provide guidance for the current effort. Ghenaiet et al.
(2004) investigated the erosion of axial fans from particulate
ingestion using a single-stage contra-whirl axial fan made
from cast aluminum and driven by an electric motor. The
fan was painted, and erosion locations were experimentally
identified by sites of paint removal. In addition, fan material
erosion as a function of time and as a function of particulate
mass injected in the gas flow were measured.

To measure the pressure drop in vertical gas-solid two-
phase mixtures within monolith channels, Ding et al. (2005)
created a particle injection unit and demonstrated measure-
ment techniques that prove instructive for the current appar-
atus. Static gas pressure was measured using pressure taps,
and pressure drop across the monolith was measured with
a micro-manometer. Particle flow rate was measured by
weighing particles collected from the experiment over time.

Guidance on particle size selection arises from the gravity-
fed silo sand discharge experiments of Hsiau et al. (2010). In a
closed silo configuration, solid and gas phases flow in
opposite directions; the particles fall under gravity and air
moves at subsonic velocity past them to fill the void. While
closed silo counter flow differs from the co-flow of the current
system, the silo example suggests particle radius selection of
order 100mm. In solid=gas mixtures under conditions similar
to the current system, particles smaller than a few hundred mm
in radius tend to present larger flow resistance to air than
larger particles. In the co-flow configuration of the current sys-
tem, such an effect would tend to increase particle acceleration
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up to gas velocity, owing to low air permeability through the
suspension. Be that as it may, it must also be considered that
employing particles smaller than 100mmmay have a tendency
to foul a particle=gas separating filter.

The two-phase flow direction is oriented vertically, paral-
lel to the gravity vector. This orientation avoids the possi-
bility of sedimentation of the solid phase under gravity
(Yan and Koplik 2009). Guidance on theory development
is provided by prior theoretical research on pneumatic con-
veyance (Klinzing et al. 2010), and, in particular, abrasive air
jets (Li et al. 2009), although an adiabatic gas expansion
treatment is typically used for abrasive air jets.

The system studied in the present work is illustrated con-
ceptually in Figure 1. A set of parameter values is given by
way of example in Table 1. The energy conversion process
can be divided into parts. In the first part of the process, a
fluid comprising a mixture of gas and solid particles acceler-
ates down a nozzle. The acceleration part of the process is
describable as the expansion of a two-phase fluid that flows
downward through a vertical nozzle.

Some important features of the first part of the process
include the following: 1) The gas and solid particles accelerate
down the nozzle at approximately equal rates; 2) the postac-
celeration kinetic energy associated with the two-phase fluid
motion ispredominantly that associated with subsonic solid-
particle motion; 3) the temperatures of the gas and solid

particles remain approximately equal during an isothermal
expansion of the gas.

In the second part of the process, the two-phase fluid is
directed at a turbine, which is connected to a dynamometer.
Because the solid particles are essentially incompressible and
will be traveling at a speed much slower than the speed of
sound, a low-speed turbine for use with incompressible fluids
is suitable. Such turbines can, in principal, achieve a high
energy conversion efficiency in the limit that all of the solid
particles have the same velocity.

In the third part of the process, the solid particles are
separated from the expanded gas and recycled. Energy must
be expended to transport the particles and to pressurize or
re-pressurize the system. If the solid particles are large
enough, which is the case for the parameters listed in

Fig. 1. Conceptual illustration of the system studied. The dyna-
mometer can be replaced (e.g., by an electric generator, mechan-
ical transmission, or hydraulic pump), depending on the form of
output energy desired. A volume V of two-phase fluid increases
as it accelerates down the nozzle.

Table 1. Sample parameter values (gas: nitrogen; nozzle: 304
stainless steel; solid particles: cast stainless steel; turbine: 316
stainless steel)

Parameter
Value within

nozzle

rg (gas molecule effective radius) 0.16 nm
rs (solid particle approximate radius) 100mm
rn (nozzle radius) 5mm
Ln (nozzle length) 30 cm
T (temperature during isothermal expansion) 298K
mg (gas molecule mass) 28 u
qms (solid material mass density) 8000 kg=m3

Rj!js=jg (solid to gas drift kinetic
energy ratio)

1200

g (dissipative loss factor) 1
vsf (maximum solid-particle speed) 17m=s
Pf (maximum fluid kinetic power) 240W
cg (gas specific heat capacity) 743 J=kg "K
cs (solid specific heat capacity) 500 J=kg "K
RC!Cs=Cg (solid to gas ratio of heat
capacities)

810

c (ratio of gas heat capacities) 1.4
Kg (gas thermal conductivity) 0.025W=m "K
Ks (solid thermal conductivity) 16W=m "K
fDTf!DTf=T (fractional change of gas
temperature)

#10$2

Parameter
Initial
value

Final
value

p (fluid pressure) 0.79MPa 0.10MPa
RV!Vs=Vg (solid to gas volume ratio) 1.35 0.17
n$1=3
g (typical distance nearest-neighbor

gas molecules)

2.3 nm 3.6 nm

n$1=3
s (typical distance nearest-neighbor
solid particles)

190mm 310mm

kg (molecule-molecule collision
mean free path)

38 nm 150 nm

ks! kgs=4 (particle-particle collision
mean free path)

58mm 230mm

kgs (molecule-particle collision
mean free path)

230mm 920mm
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Table 1, gravity and filtering can be used to separate the
solid particles from the expanded gas.

Pneumatic energy conversion processes often occur at
much lower efficiency than hydraulic and electric energy
conversion processes. It is anticipated that a solid-particle-
entrained gas may eventually serve for converting pneumatic
energy into other forms with high efficiency.

2. Discrete Characteristics of the Flow

A cylindrical coordinate system is defined within a nozzle
shaped as a cylindrical tube, with the z axis coincident with
the axis of symmetry of the nozzle. The description is developed
in one dimension. Physical quantities may have a dependence
on the axial coordinate z, but any dependence that quantities
may have on the radial and azimuthal cylindrical coordinates
is neglected. For brevity, physical quantities that have a depen-
dence on the axial coordinate z are not explicitly shown as hav-
ing such a dependence. The solid particles are assumed to be
spherical and to have a radius rs that is much larger than the
effective radius rg of a gas molecule. With rs% rg, a gas mol-
ecule has a mean free path between collisions with solid parti-
cles given by kgs ! 1=&nspr2s ' if the gas is not present, where ns is
the number of solid particles per unit volume. A solid particle
has a mean free path between collisions with other solid parti-
cles given by ks! 1=[nsp(2rs)

2]! kgs=4 if the gas is not present.
A gas molecule has a mean free path between collisions with
other gas molecules given by kg ! 1=(ngp&2rg'2) ! 1=&ng4pr2g'
if the solid particles are not present, where ng is the number
of the gas molecules per unit volume.

Consider an axial length dL of the two-phase fluid that is
small enough for the properties of the fluid to be approxi-
mated as uniform anywhere within an associated cylindrical
volume V, but that is much larger than the typical distances

n$1=3
g and n$1=3

s between nearest-neighbor gas molecules and

solid particles, respectively. Let Ng! ngV denote the number
of gas molecules within the volume V. The volume V is
defined such that Ng is constant. Let Ns! nsV denote the
number of solid particles within V. The value of Ns is also
approximately constant under the conditions considered.

The volume V is divided into two parts: V!Vg*Vs.
Here, Vg refers to the part of the volume in which the gas
molecules can move (i.e., the volume outside the solid parti-
cles) and Vs refers to the volume occupied by the solid mate-
rial.The values of Vg and V change as a function of z, and
the value of Vs is treated as being constant. Define a para-
meter RV!Vs=Vg, which represents the ratio of the volume
occupied by the solid particles and the volume that contains
the gas molecules. The number density of solid particles is
ns!Ns=V!Ns=(Vg*Vs)!Ns=[Vs(1* 1=RV)]. Identifying
Vs=Ns ! &4=3'pr3s as the volume of one solid particle gives

ns !
3

4pr3s &1* 1=RV '
&1'

and

kgs !
4

3
rs 1* 1

RV

! "
: &2'

There is more than one way to define the number density
of one phase of a two-phase fluid. For example, the number
density of gas molecules within the fluid considered here can
be defined as either Ng=V or Ng=Vg. The first definition is
used within the present work. However, the second defi-
nition must be used within the ideal gas law, pVg!NgkT,
which is assumed to apply to the gas phase. Here, p and T
are the pressure and temperature associated with the gas
phase at coordinatez, and k is Boltzmann’s constant. Thus,
with ng!Ng=V!Ng=(Vg*Vs)!Ng=[Vg(1*RV)], substi-
tution using the ideal gas law yields

ng !
p

kT&RV * 1' &3'

and

kg !
kT&RV * 1'

4pr2gp
: &4'

Suppose the gas phase of the fluid expands isothermally at
temperature T as the fluid travels down the nozzle. The con-
ditions required for such an expansion are evaluated below.
At the beginning of the expansion process, RVi!Vs=Vgi,
where subscript i indicates initial value. At the end of the
expansion process, RVf!Vs=Vgf, where subscript f indicates
final value. For isothermal expansion of gas, the ideal gas
law gives pfVgf! piVgi. Thus, RVf! (pf=pi)Vs=Vgi! (pf=
pi)RVi. By way of example, the following parameter values
are considered: rg! 0.16 nm (e.g., nitrogen), rs! 100 mm,
T! 298K, pi! 0.79MPa, pf! 0.10MPa, RVi! 1.35 (mea-
sured), and RVf! (pf=pi)RVi! 0.17. The mean free paths
have the values, kg! 38 nm, ks! 58 mm, and kgs! 230 mm,
at the start of the expansion, and kg! 150 nm, ks! 230 mm,
and kgs! 920 mm, at the end of the expansion. The following
relationships occur for the parameter values considered:
kg+ks+kgs+rn+Ln. Here, rn and Ln are the inner radius
and length of the nozzle.

3. Continuous Characteristics of the Flow

With the definitions used for the number density of each
phase of the two-phase fluid, ng!Ng=V and ns!Ns=V, a
(total) number density can be conveniently expressed as
n! ng* ns. Similarly, the mass density of the two-phase fluid
is expressed as q! qg* qs, with the mass densities of the gas
and solid phases defined as qg!mgNg=V!mgng and
qs!msNs=V!msns. Here, mg and ms are the masses of a
gas molecule and solid particle, respectively. Likewise, the
drift kinetic energy density of the two-phase fluid is
expressed as j! jg* js, with jg ! 1

2qgv
2
g and js ! 1

2qsv
2
s ,

where vg and vs are the average axial speeds of the gas mole-
cules and solid particles, respectively.

The ratio of the drift kinetic energy of the fluid associated
with the solid phase to that associated with the gas phase is
now evaluated, assuming that the conditions within the noz-
zle are such that the solid particles can be treated as having an
averageaxial speed that equals the gas flow speed, vs! vg. The
assumption is checked below. The ratio is Rj ! js=jg !
qs=qg ! msns=&mgng' ! 3mskTRV=&4pr3smgp'. To proceed
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further, it is convenient to distinguish between qs and a
material mass density qms associated with the material that
composes the solid particles. The latter is related to the
mass of a solid particle by ms ! 4

3pr
3
sqms. In terms of rhoms,

the ratio is

Rj ! qmskTRV

mgp
: &5'

By way of example, the following parameter values from
Table 1 are considered: mg! 28 u (nitrogen), qms! 8000 kg=
m3 (stainless steel), T! 298K, pi! 0.79MPa, pf! 0.10MPa,
RVi! 1.35, and RVf! 0.17. The value Rj! 1200 is obtained
at both the start and end of the expansion. The same value
occurs because RVi=pi!RVf=pf for an isothermal expansion
of the gas phase.

The work done by the gas phase of the fluid during an
isothermal increase in volume from Vgi to Vgf is Wf !RVgf

Vgi
pdVg ! NgkT

RVgf

Vgi
V$1

g dVg ! NgkTln&Vgf =Vgi' ! Ngk

Tln&pi=pf '. The isothermal gaseous specific work, defined as
the work per unit mass of gas, is xgf!Wf=(mgNg)! (kT=
mg) ln(pi=pf). The isothermal work density is defined as
wf!Wf=Vf! ngfkTln(pi=pf). The work done by the gas phase
increases the fluid’s drift kinetic energy. The fluid’s drift kin-
etic energy density after expansion is jf! gwf, provided that
the initial drift kinetic energy density of the fluid is negligible,
ji+jf, and provided further that the effect of gravity is neg-
ligible. Here, g accounts for losses such as dissipative losses,
and it has a value less than unity, g< 1. A value for g is to be
assessed experimentally in future work by comparison with
theoretical predictions presented here using g! 1. For the
parameters considered in Table 1, the fluid’s drift kinetic
energy is predominantly that associated with the solid phase
so that jf! jsf. With jsf ! 1

2msnsf v2sf and Rj!msns=(mgng),
the maximum speed of the solid particles(at the end of expan-
sion) is found to be

vsf !

##############################
2kTg ln&pi=pf '

mgRj

s

; &6'

which has a value of 17m=s for the values considered in
Table 1. The fluid flow is subsonic for the values considered.
The fluid’s maximum kinetic power (at the end of expansion)
is

Pf ! jsf pr2nvsf ; &7'

which has a value of 240W for the values considered in
Table 1.

Let Dv! vg$ vs denote the slip speed. The speed quotient
fDv!Dv=vs serves to characterize the proximity to equal flow
speeds for the two phases. Assuming that the ideal gas law
applies to the gas phase, the drag force on a single solid
spherical particle is

Fd ! Cdmgppr2s &Dv'
2

2kT
; &8'

where Cd is the coefficient of drag. To solve for Dv, work
associated with gas expansion is assumed to go predomi-
nantly into increasing the kinetic energy of the solid phase.

Assuming isothermal expansion, the work done by the gas
phase of the fluid during a decrease in pressure from pi to
p is W!NgkTln(pi=p). A constant pressure gradient within
the nozzle is assumed,

dp

dz
! pf $ pi

Ln
: &9'

The net force in the z direction that is imparted on the
two-phase fluid as a result of gas expansion is

F ! dW

dz
! @W

@p

dp

dz
! NgkT

Ln

pi $ pf
p

! "
: &10'

The net force in the z direction per solid particle is

Fs !
F

Ns
! ngkT

nsLn

pi $ pf
p

! "
! mskT

mgRjLn

pi $ pf
p

! "

! 4pr3sqmskT

3mgRjLn

pi $ pf
p

! "
: &11'

Requiring Fd!Fs and solving for Dv gives

Dv ! kT

mgp

###############################
8qmsrs&pi $ pf '

3CdLnRj

s

: &12'

Evaluation of the speed quotient fDv!Dv=vs gives an
expression that increases as the expansion progresses after
the pressure has dropped by at least 39%. The value at the
end of the expansion is given by

fDv !
##############################################
4qmsrs&pi $ pf 'kT

3mgCdLngp2f ln&pi=pf '

s
: &13'

By way of example, the parameter values in Table 1 are
considered. The coefficient of drag is approximated as hav-
ing a value of 0.5, which should be suitable for the applicable
range of Reynolds number values. The value obtained is
fDv! 4.6, which indicates that Equation (5) overestimates
the value Rj! 1200 by a factor of (vg=vs)

2! (fDv* 1)2! 31
at the end of the expansion. Thus, the value of Rj is never-
theless much larger than unity. It is concluded that, for the
parameter values listed in Table 1, the drift kinetic energy
associated with the fluid motion is predominantly that asso-
ciated with the solid phase.

4. Thermal Characteristics of the Flow

The heat capacity of a volume V of the two-phase fluid is
divided into parts associated with the gas and solid phases:
Cg!mgNgcg and Cs!msNscs. Here, cg and cs are the specific
heat capacities of the gas and solid phases of the fluid,
respectively. The ratio of the heat capacities associated with
the two fluid phases is RC!Cs=Cg!msnscs=(mgngcg) or

RC ! csRj

cg
: &14'

Byway of example, the parameter values in Table 1 are con-
sidered: Rj! 1200, cs! 500 J=kg "K, and cg! 743 J=kg "K.
The value obtained is RC! 810. The value used for cs is the
specific heat capacity for 304 stainless steel at T! 298K and
atmospheric pressure. An isothermal gas expansion process

Energy Conversion 61
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can be approximated as a succession of adiabatic expansions
and constant-volume temperature increases. The value used
for cg is the specific heat capacity at constant volume for nitro-
gen at T! 298K and atmospheric pressure. The values for cs
and cg may be expected to be approximately constant for the
range of pressures considered in Table 1. A value of RC much
larger than unity indicates that the heat capacity associated
with the solid phase of the fluid is much larger than that asso-
ciated with the gas phase.

For an isothermal expansion to occur, heat must flow
from the solid phase of the fluid to the gas phase. The
amount of heat energy H that must flow equals the differ-
ence between the thermal energy of the gas phase if an iso-
thermal expansion occurs and the thermal energy of the
gas phase if an adiabatic expansion occurs. The thermal
energy of the gas phase in a volume V of the fluid before
expansion takes place is Hi ! 3

2NgkTi. If the expansion is iso-
thermal, then the thermal energyof the gas phase in a volume
V of the fluid after expansion takes place is also Hi. If the
expansion is adiabatic, then pV c ! piV

c
i , and the thermal

energy of the gas in a volume V of the fluid after an arbitrary
amount of expansion takes place is Ha ! 3

2NgkTi

&p=pi'&1$1=c'. Here, c is the ratio of the gas’ heat capacities
at constant pressure and constant volume. (c! 1.4 for an
ideal diatomic gas.) The amount of heat energy H that must
flow from the solid phase to the gas phase for an isothermal
(T!Ti) expansion to occur is H ! Hi $Ha ! 3

2NgkT

(1$ &p=pi'&1$1=c'). The associated rate at which heat energy
is transferred from the solid phase to the gas phase within
a volume V of the fluid is

_HH ! dH

dt
! @H

@p

@p

@z

dz

dt
: &15'

The first term on the right is evaluated as

@H

@p
! $3NgkT&pi=p'&1=c'&1$ 1=c'

2pi
: &16'

A constant pressure gradient within the nozzle is
assumed, as given by Equation (9). The approximate axial
drift speed of the fluid, dz

dt ! vs, is obtained by equating
gw! gngkTln(pi=p) and js ! 1

2msnsv2s . Substitution of terms
gives an expression for _HH, which increases as the expansion
progresses. The largest rate, which occurs at the end of the
expansion, is given by

_HHf !
3NgkT&pi=pf '&1=c'&1$ 1=c'

Ln
1$

pf
pi

! " ##########################
gkTln&pi=pf '

2mgRj

s

:

&17'
The thermal conductivity of 304 stainless steel is

Ks! 16W=m "K and that for nitrogen gas is Kg! 0.025W=
m "K for the parameters considered in Table 1. Because of
the disparity in thermal conductivities, the temperature
gradient in the gas surrounding a solid particle is assumed
to be much larger than the temperature gradient within the
solid particle. The temperature within a solid particle is
approximated as being spatially uniform and is denoted Ts.
The temperature Ts is also approximated as being temporally

constant, because the heat capacity associated with the solid
phase of the fluid is much larger than that associated with the
gas phase. The temperatures of both phases are taken to be
equal before the expansion begins.

The temperature gradient within the gas is approximated
as occurring within a distance of order rs from a solid particle.
For larger distances, convection (e.g., associated with a finite
relative drift between the solid phase and the gas phase) is
assumed to dominate the heat transport. The temperature
within the gas at distances larger than#rs from a solid particle
is approximated as being spatially uniform and is denoted Tg.
If an isothermal expansion occurs, then the difference in tem-
peratures DT!Ts$Tg is much smaller than either tempera-
ture, and both temperatures are approximately equal,
T,Ts,Tg. The fraction fDT!DT=T serves to characterize
the proximity to isothermal expansion. The rate at which heat
energy is conducted from the solid phase to the gas phase
within a volume V of the fluid is of order _HHc ! KgAsDT=rs.
Here, As ! 4pr2sNs is the surface area of the solid particles.
The rate _HHc decreases as the expansion progresses. Conse-
quently, if the condition _HH ! _HHc for isothermal expansion
is met at the end of the expansion, then the condition is met
throughout the expansion. Imposing the condition _HH ! _HHc

at the end of the expansion requires fDTf# 10$2 for the para-
meters considered in Table 1. Such a value is sufficiently small
for the expansion to be describable as isothermal.

5. Initial Experimentation

An experiment on the first and second parts of the energy
conversion process has been initiated, using parameters simi-
lar to those given in Table 1. Figure 2 shows a photograph of
the primary components of the apparatus. To operate the
experiment, a discharge tank is manually loaded with solid
particles and then pressurized with gas. A valve is opened
to allow the two-phase fluid to enter a nozzle, through which
the fluid expands. The accelerated fluid drives a turbine that
is connected to a dynamometer. Steps were taken to avoid
operating the apparatus with the discharge tank depleted
of solid particles. (Free flowing gas could produce a much
larger power and might spin up the turbine employed to
the point of catastrophic failure.) Conventional diagnostics
are used for measuring temperature, pressure, flow rate, tur-
bine rotation speed, and dynamometer torque. The principal
of operation was clearly demonstrated. For this initial exper-
imentation, the energy conversion efficiencywas found to be
low, a few percent at most, because of the type of turbine
employed. A substantial fraction of the fluid would pass
between the blades unimpeded. A more efficient impulse tur-
bine is to be acquired for future implementation. The dyna-
mometer provides a measurement of the applied torque for a
chosen frictional brake load. In principal, the load can be
chosen so as to maximize the energy conversion efficiency.
The most efficient operation occurs at a rotation speed equal
to about half the free-spin speed.

Complete integration of the third part of the process is
also planned for future work. For the solid particles to be
recycled, they must be returned to the initial thermodynamic
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state in which they are mixed with compressed gas to form a
two-phase fluid. One possible configuration incorporates two
discharge tanks that are cyclically pressurized out of phase.
Pneumatic conveying is used for refilling a discharge tank
at times when the discharge tank is depressurized. Energy
must be expended to transport the particles and re-pressurize
each discharge tank, and the associated energy costs must be
taken into account for experimentally evaluating the overall
energy conversion efficiency of the integrated system.

To achieve isothermal expansion, heat must be transferred
from the solid particles to the gas. In effect, the particles are
cooled slightly by the interaction. For continuous operation
using a high-temperature compressed gas (e.g., that is pro-
duced from combustion), thermal insulation may be incor-
porated effectively to put an adiabatic boundary around
the entire device. Now the solid particles cool slightly during
each expansion process and are reheated while in the dis-
charge tank, which may also serve as a combustion chamber.
For continuous operation using an ambient-temperature
compressed gas, the solid particles may be reheated by heat
exchange with an ambient-temperature thermal reservoir
(e.g., air), while being transported back to the discharge tank.

The temperature of the gas phase after expansion through
the nozzle was measured within the particle separation
chamber with the turbine removed. The temperature was
measured outside the flow stream using a thermocouple ther-
mometer with a -0.5K accuracy and a 1 s response time.
The thermocouple was inserted through the turbine port,
which was otherwise sealed. The particles were loaded into

the apparatus’ discharge tank, which was then pressurized
to 0.38MPa with compressed air and maintained at that
value during the experiment by a pressure regulator. The
experiment consisted of opening the nozzle valve and record-
ing the time-dependent temperature for a time period much
longer than the thermometer response time. It was found
that the temperature remained within 1K of ambient tem-
perature under nominal operating procedures. For one
measurement, the apparatus was left alone for more than
24 h within the temperature-controlled laboratory. The tem-
peratures of all primary components including the com-
pressor tank and the solid particles were measured before
and after the gas expansion using an infrared thermometer,
which indicated that everything was at room temperature. It
was confirmed that the temperature measured by the ther-
mocouple thermometer remained within 1K of ambient tem-
perature during the gas expansion. In contrast, an ideal
adiabatic expansion would have caused the temperature of
the expanded gas to decrease by 90K. The result is inter-
preted as indicating the realization of an isothermal expan-
sion of the gas phase.

An erosion rate for the turbine in Figure 2 was measured.
The turbine (316 stainless steel; 7.6 cm diameter) was first
thoroughly cleaned using a fine-hair brush and blasted with
compressed air to remove adhered particle contaminants. It
was weighed using aMettler-Toledo XS205 precision balance
set to 0.01mg resolution to establish a baseline mass. The tur-
bine was then immersed in a particle-filled hopper for about
5 sec; was then removed, brushed down, blown clean with
compressed air, and re-weighed. This process was repeated
multiple times to establish the turbine’s average mass (with
experimental uncertainty), 108.4978 - 0.0011 g, subject to
exposure to the hopper full of solid particles. As the solid par-
ticles had no velocity, this procedure should not erode the
turbine. Experimental uncertainty larger than the resolution
of the balance is attributed to adhesion to the turbine’s sur-
face of unobserved contaminants resulting from alternating
exposure to the particle hopper, the cleaning processes, and
the laboratory environment.

The turbine was fixed in place within the experimental
apparatus so it could not rotate, and one blade was positioned
directly under the nozzle. In normal operation, the turbine
would be spinning, and its blades would present a relative
velocity to the particles lower in magnitude than when the
blades are fixed. Higher relative velocity between the particles
and blades corresponds to more prevalent blade erosion.
Therefore, by preventing turbine rotation in this test,
maximum relative velocity is achieved, and the result is an
upper bound on the expected erosion rate for the real func-
tioning system. After the particles were loaded into the appar-
atus’ discharge tank, its pressure was kept at 0.38MPa during
the experiment. The experiment commenced by opening a
valve, which trained a jet of particles on the fixed turbine blade
at constant volume flow rate. After striking the fixed turbine
blade, the particles were collected in the particle separation
chamber and ultimately weighed using an Ohaus Scout Pro
balance (with 1 g resolution) to establish the weight of parti-
cles used. As the experiment was not rigged for continuous

Fig. 2. Photograph of some of the primary components of the
experimental apparatus. Shown from the top are a bottom fit-
ting of the discharge tank, a valve, the nozzle, the top plate of
the particle separation chamber, and the turbine. On the right
is an exhaust hose.
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operation, the process was repeated three times, streaming a
total of 22,273- 15 g of particles over the fixed turbine blade.

Between each streaming event (each event used approxi-
mately 7500 grams of particles), the turbine was recovered
from the apparatus and its set screws removed to release
particles that may have accumulated in the threads. To
eliminate additional adhered particles, the turbine was
tapped against a solid surface, cleaned with the fine-hair
brush, and blasted with compressed air. It was then
weighed on the Mettler-Toledo XS205 precision balance
to establish mass lost due to erosion. Reported results are
the cumulative outcome from all three identical particle
streaming events.

The final turbine mass, 108.4958 - 0.0011 g, indicates a
total mass reduction from erosion of no more than 0.0020
- 0.0022 g. The erosion mass with respect to the streamed
particle mass was 9.0. 10$5- 9.9. 10$5 mg=g. As a basis
of comparison, this erosion rate is over 6600 times smaller
than a rate reported on the same unit basis by Ghenaiet
et al. (2004, 2005) for MIL-E5007E sand particles
(0–1000 mm diameter) impacting a rotating cast aluminum
impeller. The lower erosion rate is attributed primarily to
a lower relative speed between the suspended particles and
the blade surface, although other factors may be important
as well. By way of comparison, the lifetime of a turbine in
our system is approximated by extrapolating the efficiency
drop Ghenaiet et al. observed over 9 h at an average erosion
rate of 0.843mg=g. This extrapolation suggests similar
degradation might be expected for the turbine of our system
after 9.52 years. Moreover, the 7.1% adiabatic efficiency
reduction Ghenaiet et al. observed after 9 h resulted pri-
marily from aerodynamic performance degradation. The
aerodynamic characteristics of our subsonic turbine are
not critical to its proper operation, and performance degra-
dation of our turbine should therefore be slower than the
aerodynamic degradation observed by Ghenaiet et al. Recall
also that our measurement yields the maximum erosion rate
because the turbine was fixed. For these reasons, the true
turbine performance degradation for our system should be
much slower than the 0.75%=year reduction (at 100% utiliza-
tion) suggested by the analysis. It is concluded that manage-
able erosion rates may be possible for the system illustrated
in Figure 1.

6. Conclusion

Discrete, continuous, and thermal characteristics of a
gas-solid downward flow through a vertical nozzle have been
developed under low-slip, isothermal expansion conditions.
Number densities, which provide typical distances between
nearest-neighbor solid particles or gas molecules, and mean
free paths were evaluated to characterize some of the scale
lengths involved. The drift kinetic energy and heat capacity
were found to be predominantly associated with the solid
phase under the conditions studied. Expressions for the
maximum (ideal) speed and kinetic power of the solid phase
at the end of expansion were derived, and provide a predic-

tive benchmark for experimentally determined values. Meth-
ods were developed to check that the conditions for low-slip
and isothermal expansion were satisfied. Experimentation
was initiated, and energy conversion of a gas-solid flow
was clearly demonstrated using a turbine. The gas-phase
temperature was measured after expansion, and the result
was consistent with isothermal expansion. An erosion rate
for the turbine was measured, and the result was consistent
with a manageable erosion rate.
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