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This paper reports on the design, thermodynamic cycle, and
experimental results of an ejector-driven micro turbine gen-
erator. For this cycle, an ejector, as opposed to a compressor,
creates a pressure gradient to drive a turbine. When con-
nected to a micro-generator and an ethanol vapor boiler, a
power output of 7.5 mW is delivered to a resistive load of
300Ω at an angular velocity of 27,360 RPM.

Nomenclature
A Area
σ Area Ratio
u Axial Velocity
ρ Density
η Efficiency
α Entrainment Ratio
h Enthalpy
F Force
A Area
ṁ Mass flow rate
Ṁ Momentum flow rate
Ẇ Power
P Pressure
T Temperature
V Voltage
( )d Discharge
( )m Motive

∗Address all correspondence related to ASME style format and figures
to this author.

†Address all correspondence for other issues to this author.

( )s Suction
( )t Total, or turbine
( ) f g Vaporization

1 Introduction
The realization of a self-sustaining micro-turbine en-

gine has remained elusive due to the many difficulties as-
sociated with the Brayton cycle at the MEMS scale. For
example, minimum component efficiencies for the compres-
sor and the turbine must be realized for a Brayton cycle to
close and produce net work [1]. However, at small scales
the efficiencies of these components are diminished due to
many factors such as increased viscous effects associated
low Reynolds numbers and fabrication constraints that dic-
tate non-optimal geometries [2]. The realization of scale in-
dependent parameters such as tip speed is also problematic at
the MEMS scale. For example, to reach sufficient tip speeds
and operate at a high turbine effectiveness requires extremely
high rotor speeds; this can only be achieved with gas bear-
ings [3]. These bearing systems however are difficult to im-
plement in an integrated fashion at the MEMS scale. For
micro-turbomachinery, hydrostatic bearing operation hasso
far always required an external, turbo-machine independent
pressure source, and hydrodynamic bearing operation inher-
ently experiences difficulties during the transient startup pe-
riod that is associated with low rotor speeds [4]. Lastly, man-
ufacturing micro-turbomachinery components at these scales
with the required tolerances for the gas bearings poses tech-
nical challenges, as the surface roughness of the rotor walls



must remain well below the bearing clearance which is often
in the range of 15µm[5]. All of these obstacles make it diffi-
cult to appropriately implement a stand-alone self-sustaining
Brayton cycle micro heat-engine.

This paper presents an alternative thermodynamic cy-
cle that offers solutions to these challenges. This cycle is
designed around static pumping devices, an injector and an
ejector [6]. Both are based on the same fundamental prin-
ciple as shown in figure 1: a high momentum motive fluid
is mixed with a low momentum suction fluid, resulting in
a discharge fluid with less overall momentum and thus a
higher pressure. When discharged to ambient pressure con-

Fig. 1. Ejector assembly, flow paths, and mixing region control vol-

ume

ditions then, a sub-ambient pressure environment must exist
upstream of the diffuser and mixing region, allowing fluid to
be drawn in from ambient pressure. A turbine can then be
placed in this flow path to produce work. For this cycle then,
the ejector is used to create a pressure gradient across the tur-
bine and hydrostatic gas bearings, while the injector pumps
liquid into a high pressure boiler. The benefit of these com-
ponents lies in their static and turbo-machine independent
operation. Unlike a turbo-compressor, the ejector is uncou-
pled from the turbine and thus provides a pressure gradient
across the turbine and gas bearings regardless of the turbine’s
rotor speed so long as heat is applied to the boiler. This elim-
inates many problems associated with the startup phase by
removing the need for an external pressure source and guar-
antees that the cycle will close at any operating efficiency.In
addition, because there are no moving parts associated with
these pumping components, they can be more easily fabri-
cated as their manufacturing tolerances are not as criticalas
those associated with rotating micro-turbomachinery compo-
nents.

This paper will discuss both the thermodynamic model
concerning this type of cycle and the preliminary experimen-
tal results of an ejector-driven micro-turbo generator.

2 Thermodynamic Cycle
The proposed cycle, shown in figure 2, is derived from

a steam locomotive cycle and an afterburning Brayton cycle.
Combustion takes place downstream of the turbine, and the

Fig. 2. A schematic of an afterburning thermodynamic cycle driven

by an ejector

generated heat is split between preheating the turbine inlet air
with the use of a recuperator and vaporizing the motive fluid
in the boiler. The power from the turbine can be estimated
from an incompressible flow assumption, the ideal gas law,
and by recalling that the total pressure at the turbine inletis
roughly equal to ambient pressure.

Ẇt

ṁs
= ηt

∆Pt

ρ
≈ ηt

Pamb−Ps,t

Pamb
RairTt4 (1)

The pressure difference between the ambient and total suc-
tion pressure can be determined by the conservation of mass
and momentum from the control volume shown in figure 1,
and by assuming isentropic expansion in the diffuser such
that the exit dynamic head is approximately zero. As shown
in appendix A, the result is

Pamb−Ps,t
1
2ρu2

= σ

[

2−σ(1+2α)−
α2σ3

(1−σ)2

]

(2)

whereσ is the area ratio andα is the ejector entrainment
ratio.

σ ≡

Am

Ad
α ≡

ṁs

ṁm
(3)

The system rejects heat with the ejector discharge flow
and by the cooling and condensation of the motive vapor.



However, the heat rejected in condensation typically far ex-
ceeds the heat rejected from the cooling of the exhaust gases.
As such, the overall thermal efficiency of the cycle can be ap-
proximated as

η ≈

Ẇt

Ẇt + ṁmhf g
(4)

In addition, by further assuming that the turbine power is sig-
nificantly less than the rejected heat, we can re-approximate
the cycle efficiency as

η ≈

Ẇt

ṁmhf g
(5)

Combining these equations we obtain

η =
ηtRairTt4ασ

[

2−σ(1+2α)− α2σ3

(1−σ)2

]

1
2ρu2

hf gPamb
(6)

whereσ, u, and T are design parameters set my geometry and
material constraints. Assuming an entrainment ratio ofα =
2, an area ratio ofσ = 0.125, a turbine efficiency of 50%, wa-
ter vapor as the working fluid, and neglecting condensation,
we can approximate the overall cycle efficiency for different
parameters as shown in table 1. Note that while the effi-

Table 1. Efficiency Approximations

Example # Pboiler
Ps

Tt4 η

1 2 500 K 0.6%

2 3 750 K 1.6%

ciencies are quite low, the advantage of this cycle lies in its
simple operation and its ability to close at such low efficien-
cies as demonstrated by experimentation.

3 Experimental Results
An experiment was conducted to demonstrate that an

ejector power by ethanol vapor could create a pressure gra-
dient across a turbine and drive its attached micro-generator
to deliver electrical power. The turbine was originally de-
signed and micro-machined as a radial flow impulse turbine
with an NGV outer-diameter of 10 mm and blade heights of
250µmas shown in figure 3. Details of its fabrication can be
seen in appendix B. The ejector was micro-machined with a
throat diameter of 733µm, an area ratio ofσ= 0.125 and was
driven by ethanol vapor from a conventionally-sized boiler.
More details on the ejector and its fabrication can be found in

Fig. 3. A cross section of the original micro-turbine bonded to the

rotor of a permanent magnet generator with protruding leads

appendix B. The turbine was bonded to a 3-phase Faulhaber
1202-H-006-BH permanent magnet motor with a phase to
phase internal resistance of 70Ω. The micro-engine can be
seen in figure 4. We believe however that, due to the con-

Fig. 4. The original micro-turbogenerator connected to power elec-

tronics (boiler and ejector not shown)

figuration and choice of materials, eddy current losses in the
surrounding turbine NGV copper layer prevented the turbine
from operating at its design rotor speed with a commensu-
rate reduction in system performance. The results from the
operation of this engine can be seen in table 2.

In order to achieve an RPM closer to the design speed
of the turbine, a new turbine with an outer diameter of 11
mm and blade heights of 750µmwas 3D printed out of ABS
plastic with a Dimension 1200es Series printer. For these
experiments, the AC output from the micro-generator was
rectified to DC with the use of 1N5817 Schottky diodes in
a full-wave bridge configuration. This micro-turbogenerator
can be seen in figure 5, and the results from the operation of
this engine can be seen in table 3. Power from the engine
was sufficient to light a row of LEDs as shown in figure 6.

Note that the maximum power is not achieved by setting
the load resistance equal to the equivalent stator resistance as
prescribed by the maximum power transfer theory. This can



Table 2. Experimental results of the first micro-turbogenerator

Property Units Value

Rotor Speed RPM 5,505

Turbine Pressure Ratio - 1.13

Mass Flow g/s 2.40

Turbine Inlet Temp. K 293

VRMS mV 180

Power mW 2.94

Fig. 5. The 3D printed micro-turbogenerator connected to the power

electronics (boiler and ejector not shown)

be reasoned out quite simply. The maximum power trans-
fer theorem assumes an electric circuit with an ideal voltage
source. However, a turbo-generator outputs a variable volt-
age that is dependent upon RPM, and the shaft power output
of the turbine also directly depends upon RPM. In particu-
lar, for a turbine operating under fixed thermodynamic condi-
tions, there will be a design RPM which maximizes its shaft
power output [7]. Combining these observations as shown
in figure 7, it becomes quite obvious that the load resistance
should be set to a value (R2) that maximizes the shaft power
output of the turbine. If instead the load resistance is set to
the value prescribed by the maximum power transfer theo-
rem (R1), then the turbine will not be capable of achieving
its design RPM, and the resultant power output will be low-
ered. In other words, if at the design RPM the electric circuit
requires more power than the turbine can provide given its
thermodynamic operating conditions, the turbine will decel-
erate and the overall power output will decrease.

Table 3. Experimental results of the 3D printed micro-

turbogenerator

Property Units Value

Rotor Speed RPM 27,360

Turbine Pressure Ratio - 1.05

Boiler Pressure atm 15

Turbine Inlet Temp. K 293

VDC mV 1.49

Power mW 7.5

Fig. 6. LEDs powered by the boiler fed ejector driven micro-

turbogenerator

4 Conclusion
This paper has proposed a power cycle designed around

an ejector, a jet pump with no moving parts. In this cycle,
the ejector is used, in lieu of a compressor, to produce a
pressure gradient to drive a micro-turbogenerator and pro-
duce electrical power. An advantage of this operating cycle
is that, unlike a standard Brayton cycle, there is no minimum
required efficiency for the cycle to close and the engine to
function, as demonstrated by the experimental results. The
manufacturing tolerances of these static pumping devices are
also much less stringent than silicon, gas bearing supported
micro-turbomachinery, which greatly facilitates their fabri-
cation and their operation in micro-heat engines. The ther-
modynamic cycle was analyzed with both compressible and
incompressible flow assumptions, and a basic method of es-
timating the cycle thermal efficiency was presented. Exper-
iments were conducted to demonstrate the viability of this
ejector based power cycle for a micro-turbogenerator.

The use of an ejector also opens up the possibility for
many different types of thermodynamic cycles. In addition to
directly driving the turbine, the ejector could provide an easy
means of creating the pressure gradient required by hydro-
static gas bearings. This could potentially allow for a fully
integrated ejector/Brayton hybrid cycle that utilized an ejec-



Fig. 7. Turbine shaft power and electric load power as a function of

rotor speed

tor during the transient startup period associated with low
RPM to power the gas bearings (in lieu of an external pres-
sure source) and accelerate the turbomachinery. Once the
turbomachinery was operating at sufficient RPM, the ejec-
tor portion of the cycle could be ceased, and the higher effi-
ciency Brayton cycle could commence with bleed air from
the compressor being used to power the gas bearings. A
power turbine could also be used, allowing the turbomachin-
ery and generator components to be uncoupled and to each
operate at their own specific design RPM’s, effectively si-
multaneously maximizing both the thermal and electric effi-
ciencies. Such a cycle can be seen in figure 8.

Fig. 8. A Brayton/ejector recuperated hybrid cycle utilizing a power

turbine
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A Ejector Model Derivation
This section shows the derivation for the ejector perfor-

mance. The model is created by applying the conservation
of mass and momentum across a constant area mixing duct
as shown in figure 1, assuming incompressible flow in the
mixing duct and diffuser, and assuming isentropic expan-
sion in the downstream diffuser such that all of the dynamic
head is converted to static pressure. The diffuser discharges
to ambient conditions. The fluid densities are approximated
as equal and constant by assuming similar gas temperatures
upon mixing and incompressible flow in the mixing region.
These assumptions simplify the analytical results; however
the same fundamental laws and procedures can be used to
numerically derive the result even when this is not the case.
Doing so however sheds no light on the underlying mecha-
nisms and does not clearly show the general relationship be-
tween the input variables and the output, which is the same
in either case.

A.1 Conservation of Mass
The conservation of mass states that the total mass en-

tering the control volume must equal the mass leaving the



control volume.

ṁm+ ṁs = ṁd (7)

Utilizing ṁ= ρuA and assuming incompressible flow this
can be transformed into

umAm+usAs = udAd (8)

Noting that by geometryAm+As = Ad, and defining an area
ratio σ ≡

Am
Ad

, equation 8 becomes

umσAd +us(1−σ)Ad = udAd (9)

So the exit velocity as a function of geometry and inlet pa-
rameters is

ud = umσ+us(1−σ) (10)

A.2 Conservation of Momentum in the Mixing Region
From the conservation of axial momentum in the control

volume we have

Ṁin +∑F = Ṁout (11)

Where

Ṁin = ρu2
mAm+ρu2

sAs (12)

Ṁout = ρu2
dAd (13)

Assuming uniform pressure in the y direction at both the inlet
and outlet faces [8], and using geometry to equate the areas
gives

∑F = PmAm+PsAs−PdAd = Ad (Ps−Pd) (14)

Plugging back the relations from equations 12-14 into 11
gives

ρ
(

u2
mAm+u2

sAs
)

+Ad (Ps−Pd) = ρu2
dAd (15)

Dividing equation 15 through byAd gives

ρ
(

u2
m

Am

Ad
+u2

s
As

Ad

)

+Ps−Pd = ρu2
d (16)

A.3 Non-dimensionalized total pressure difference
By utilizing the previously defined area ratio,σ, and

substituting in equation 10, our result from the conservation
of mass, equation 16 becomes

ρ
[

u2
mσ+u2

s (1−σ)
]

+Ps−Pd = ρ [umσ+us(1−σ)]2 (17)

When expanded and solved forPd −Ps, this becomes

Pd −Ps = ρσu2
m+ρσu2

s −ρσ2u2
m−ρσu2

s +2ρumusσ(σ−1)
(18)

This represents the static pressure increase in the mixing area
as a result of the mixing process. In order to assist in the non-
dimensionalization of the final result, it is useful to divide
equation 18 out by the motive vapor dynamic head,1

2ρu2
m.

Doing so gives

Pd −Ps =
1
2

ρu2
m

[

2σ+2σ
u2

s

u2
m

−2σ2
−2σ2 u2

s

u2
m
+4

us

um
σ(σ−1)

]

(19)

This result can be further simplified as follows. From the
conservation of mass we have

um =
ṁm

ρAm
and us =

ṁs

ρAs
(20)

Taking the ratio of these two results, recalling the entrain-
ment ratio,α ≡

ṁs
ṁm

, and noting that the area ratio can be

re-arranged toAm
As

= σ
1−σ , this becomes

us

um
=

ṁsAm

ṁmAs
= α

Am

As
= α

σ
1−σ

(21)

Plugging equation 21 back into equation 19 and simplifying
results in

Pd −Ps =
1
2

ρu2
m2σ

[

1+α2
(

σ
1−σ

2
)

−σ−

α2σ3

(1−σ)2 +
2ασ2

1−σ
−

2ασ
1−σ

]

(22)

However, the ultimate goal is to determine the difference in
total pressure, therefore the suction head is subtracted from
both sides of the equation.

Pd −Ps,t =
1
2

ρu2
m2σ

[

1+α2
(

σ
1−σ

)2

−σ−

α2σ3

(1−σ)2 +
2ασ2

1−σ
−

2ασ
1−σ

]

−

1
2

ρu2
s (23)



Utilizing equation 21 once again this becomes

Pd −Ps,t =
1
2

ρu2
m

(

2σ

[

1+α2
(

σ
1−σ

)2

−σ−

α2σ3

(1−σ)2 +
2ασ2

1−σ
−

2ασ
1−σ

]

−α2
[

σ
1−σ

]2
)

(24)

The static discharge pressure at the exit of the device
however will come from isentropically expanding the mixing
region exit flow enough such that its exit dynamic head is
approximately zero. And from subsonic compressible flow
laws [9], we know that the static exit pressure must be equal
to ambient pressure. Thus

Pamb= Pd +
1
2

ρu2
d (25)

As such

Pamb−Ps,t = Pd −Ps,t +
1
2

ρu2
d

=
1
2

ρu2
m

(

2σ

[

1+
α2σ2

(1−σ)2 −σ−

α2σ3

(1−σ)2

+
2ασ2

1−σ
−

2ασ
1−σ

]

−α2
[

σ
1−σ

]2
)

+
1
2

ρu2
d (26)

Utilizing the mass conservation result, equation 10, this be-
comes

Pamb−Ps,t =

1
2

ρu2
m

(

2σ

[

1+
α2σ2

(1−σ)2 −σ

−

α2σ3

(1−σ)2 +
2ασ2

1−σ
−

2ασ
1−σ

]

−

α2σ2

(1−σ)2

)

+
1
2

ρu2
m

(

σ2+2
us

um
σ−2

us

um
σ2+

u2
s

u2
m
−2

u2
s

u2
m

σ+
u2

s

u2
m

σ2
)

(27)

Utilizing equation 21 again and dividing through by the inlet
dynamic head results in

Pamb−Ps,t
1
2ρu2

m

=

2σ

[

1+
α2σ2

(1−σ)2 −σ−

α2σ3

(1−σ)2 +
2ασ2

1−σ
−

2ασ
1−σ

]

−

α2σ2

(1−σ)2 +σ

[

σ+
2ασ
1−σ

−

2ασ2

1−σ
+

α2σ
(1−σ)2 −

2α2σ2

(1−σ)2

+
α2σ3

(1−σ)2

]

(28)

Combining terms and simplifying, the final form of this
equation, which was used in section 2, becomes

Pamb−Ps,t
1
2ρu2

m

= σ

[

2−σ(1+2α)−
α2σ3

(1−σ)2

]

(29)

The 3D graph for this equation can be seen in figure 9. The
results line up quite well with intuition. As an example, as
the area ratio of the ejector approaches 1 and the entrainment
ratio approaches 0, the device should begin to act more like
an ideal isentropic diffuser. That is, the non-dimensionalized
pressure increase should approach 1, as is shown in the fig-
ure, as all of the dynamic head is converted into pressure.
Likewise, lower area ratio values are required to achieve
higher entrainment ratios as one would expect.

Fig. 9. Non-dimensionalized total pressure increase as a function

of the area and entrainment ratios

B Fabrication
All metal test pieces were fabricated from either

austenitic 303 stainless steel or machinable copper. For
pieces in the direct vicinity of the magnetic rotor, these mate-
rials were chosen due to their non-magnetic properties. Fer-
romagnetic materials detrimentally interfered with the ball
bearing system of the magnetic rotor and prevented rotation.

The axisymmetric nozzle and mixer were fabricated
from 303 stainless steel using electrical discharge machin-
ing (EDM). All other pieces were fabricated using a Daewoo
Doosan DMV 3016L 3-axis CNC mill with a maximum spin-
dle speed of roughly 12,000 RPM. Feed rates were typically
0.001 inches per minute per flute and were initiated with a
0.0005 inch plunge. Carbide flat end mills and drill bits were
supplied from either Drill Bit City (Chicago, IL) or Microcut
(Kingston, MA) and plunged to depths less than 3x the tool
diameter.



Fig. 10. Axisymmetric nozzle fabricated in 303 stainless steel using

EDM showing realized dimensions

The axisymmetric motive nozzle, shown in figure 10,
was fabricated from 303 stainless steel using EDM. The real-
ized throat width of 733µmwas roughly 20µmor 3% smaller
than design. The mixer and diffuser for the ejector were sim-
ilarly fabricated from 303 stainless using EDM.

The turbine rotor for the test unit was fabricated from
303 stainless steel using an end mill and a 3 axis Daewoo
Doosan DMV 3016L mill. The rotor appears in figure 11.
The planar features (hub, shaft bore and blades) were milled

Fig. 11. The turbine rotor machined from 303 stainless steel using

CNC milling

from a piece of sheet stock. The rotor outer wall was then
machined by progressive surface milling operations around
its perimeter, except for two punch out tabs, or struts, which
remained to support the rotor prior to release. The punch out
tabs were clipped, releasing the rotor, then manually sanded
until visually flat. The turbine NGV’s, shown in figure 12,
were similarly fabricated from machinable copper. The rotor

Fig. 12. The stator machines from machinable copper using CNC

milling

diameter was measured in 6 locations using Sylvac Micron
Calipers. The design diameter was 7.898 mm with zero ec-
centricity and the realized diameter was 7.884 mm with an
elliptical angular eccentricity of 0.081


