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Flow-mixing is common in technological processes, and both ejectors and turbofans can produce an interaction between flows with different 
energy potentials. Ejectors have been extensively used, and their analytical models have been widely presented. To the best of the authors’ 
knowledge, there is a lack of studies exploring the efficiencies of turbofans. The goal of this paper is to compare thermodynamic processes in 
these devices. Their efficiencies are compared in terms of compression and entrainment ratios. A comprehensive one-dimensional subsonic 
thermodynamic models of the ejector and turbofan are presented. The quantitative indices are obtained for the same initial conditions 
expressed as the ratio of differences in enthalpies for ideal compression and ideal expansion. When initial conditions are equal to the 
numeric value of the combination of the isentropic efficiency of the evaluated components (numerical case 0.16), both devices have the 
same efficiencies; at lower initial conditions (numerical case 0.10), a turbofan’s entrainment ratio is 1.5 times and compression efficiency 
1.25 times higher; at higher values of initial conditions (numerical case 0.28), the ejector is more efficient. Such distinctive characteristics of 
turbofans and the nature of their variation may correspond to the specific application areas of technological equipment that require certain 
flow-mixing parameters.
Keywords: ejector, turbofan, thermodynamic model, flow mixing, efficiency of compression, entrainment ratio

Highlights
•	 Thermodynamic processes of gas mixing in the ejector and the turbofan are compared. 
•	 The efficiency of compression and entrainment ratios are compared in subsonic mode. 
•	 When entrainment ratios are low, the ejector is more advantageous than turbofan.
•	 Turbofan can be applied where a relatively higher passive flow rate is required.
•	 Isentropic efficiencies are highly dependent on the features of each component.

0  INTRODUCTION

Flow-mixing processes are common in the devices 
of many technological systems. These processes 
are realized in components such as ducts, nozzles, 
diffusers, throttling valves, mixing chambers, 
turbines, compressors, and ventilators. Mixing flows 
with different parameters in the mixing chamber are 
usually aimed at the increase of the efficiency and 
operational abilities of these devices. The presented 
analysis relates to different flow-mixing devices in 
which the mixing of two gas flows takes place due to 
different energy potentials. Such cases are sketched in 
Fig. 1. 

The ejector (Fig. 1a) is a very well-known device, 
and the roof turbine ventilator (Fig. 1b) has become 
ubiquitous over the last decade as a device using 
renewable wind energy for building ventilation. 
Turbofans – gas mixers (Fig. 1c) are used rarely, 
although they have been known for a long time as 
gas burners’ mixers. Despite similarities with other 
mentioned devices, turbofans – engines (Fig. 1d) will 
not be discussed further because of their complexity 
and significant differences in scope of operation 
compared to other above-described mixers.

The roof turbine rotor (Fig. 1b) on the side from 
which the wind blows operates as turbine, and as a 
fan from the opposite side. Ejection processes are also 
happening in it. During the operation of this device, 
very complex processes occur, which could be why, 
to the best of the authors’ knowledge, there has been 
no theoretical, thermodynamic model to describe the 
operation of the roof turbine ventilator to date. In 
the provided examples, the interaction and mixing 
between flows that have varying energy potentials 
are common. The models of classical thermodynamic 
analysis enable understanding the operation of the 
technical system; determing the places and causes of 
the irreversibility of energy conversion processes, as 
well as comparing the performance of the technical 
systems that are described in the same way. 

This paper focuses on a conceptual comparison 
of the two shown devices: the ejector (Fig. 1a) and 
the turbofan-gas mixer (Fig. 1c). The ejector will 
be used as baseline for such comparison, as ejectors 
thermodynamic models have strong practical and 
scientific validation. The turbofan (Fig. 1c) has a 
separated turbine and fan; therefore, it preliminary 
comparison requires less debatable assumptions (e.g. 
in comparison to the roof turbine ventilator (Fig. 1b)) 
and has a close logical sequence same as ejector.
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Nowadays, the application of ejectors has spread 
to various thermal engineering facilities. Ejectors are 
used in various areas: vapor-compression refrigeration 
systems [1]; in buildings and vehicles ventilation 
[2], district heating [3], etc. However, recently 
the application and improvement of ejectors in 
refrigeration equipment has been at the centre of most 
studies [4].

A review of various research on the mathematical 
models of the hydrodynamic and thermodynamic 
nature of the ejector is provided in [5]. The 
thermodynamic model of the ejector is developed 
based on balance equations of mass, momentum and 
energy with specific interpretations for the ejector 
or its sections. According to the review [5] in the 
majority of cases the flows inside the ejector can be 
treated as steady and one-dimensional. The friction of 
flows and non-ideal mixing leads to a non-isentropic 
process, which is evaluated by isentropic efficiencies 
in the nozzle, mixing and diffuser sections [1] and [6].

The compression efficiency of the ejector [5] and 
[7] is evaluated in terms of the energy recovered by the 
secondary flow with respect to the energy available 
in the primary flow. The above-mentioned ejectors’ 
models [5], characteristics of their properties [1] and 
[8] are widely validated experimentally or tested in 
practice.

As was mentioned and shown above (Fig. 1c), a 
turbofan has a turbine and fan located on a common 

axis. There are application examples in which the 
renewable energy driven wind turbine is employed to 
rotate fans to ventilate road tunnels [9]. This type of 
turbofan is often applied in industrial applications [10] 
when burning natural gas.

When discussing the turbofans, one should bear 
in mind the idiosyncrasies of microturbines [11]. 
These devices were first used in dental medicine [12] 
before spreading to small-scale energy systems [13] or 
other micro systems [14]. In the context of the present 
analysis, it is important to note that the performance 
indicators of microturbines differ significantly from 
traditional energy turbines [15].

There are dozens of patents, the majority of which 
involve gas burners [16] and [17]. Unfortunately, 
scientific papers rarely focus on such specifics; to 
the best of authors’ knowledge, no thermodynamic 
models opeartions are described in a manner similar 
to the way ejectors are described, which hinders the 
preliminary assessment of their applicability.

The distinctive characteristics of turbofans as 
well as the nature of their variation may correspond 
to the specific application areas of the technological 
equipment (e.g. ventilation, air conditioning, 
refrigeration), which require certain flow-mixing 
parameters. These may be relatively new areas, such 
as personalized ventilation [18], compressed air energy 
storage [19], or integration in road tunnel ventilation 
[9] and [20]. When considering the potential 

Fig. 1.  Devices,	the	functionality	of	which	is	obtained	by	using	the	potential	and	kinetic	energy	of	flows	by	mixing	them:	 
a) ejector; b) roof turbine ventilator; c) turbofan – gas mixer; d) turbofan – engine
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application of a turbofan, preliminary indications 
about the basic characteristics, such as the efficiency 
of compression and entrainment ratios, are required. 
For these applications, supersonic flow is not typical, 
so the methodology developed below in the paper is 
limited to the analysis of subsonic modes.

There is a knowledge gap regarding which 
turbofan or ejector is superior or inferior to each other. 
The goal of this paper is to compare thermodynamic 
processes in the ejector and the turbofan when they 
have the same initial states of active and passive flows. 
The path to obtaining a turbofan’s characteristics 
based on the adapted thermodynamic model of the 
ejector was chosen. The proposed model is compared 
to well-known, broad-mode and fluid range validated 
ejector thermodynamic models. The latter have 
been modified and detailed here to allow symmetric 
comparison of ejector and turbofan thermodynamic 
models. It is very important to determine the internal 
irreversibility (losses) of the processes.

Quantitative indicators required to solve the tasks 
are defined using analytical, empirical, and numerical 
models as well as a combination of their equations. 
The presented preliminary comparison of performance 
thermodynamic models for the mentioned devices 
has not been described elswhere in the literature. The 
present article should be considered as a theoretical 
or conceptual one. The analytical equations of flow 
processes and their interpretations found in the 
textbooks of engineering thermodynamics are chosen 
for this case and prevail in the article. The authors 
believe that using/selecting five process irreversibility 
coefficients for the produced entropy enabled  
minimizing the empiricism taht common in technical 
sciences.

This article is structured as follows: Section 
1 explains the ideal processes in ejector and 
turbofan. Section 2 describes in detail the adapted 
thermodynamic model of the process in the ejector. 
Section 3 presents the thermodynamic model of the 
turbofan in parallel with the main accents of the ejector 
model. The assessment and comparison of the main 
performance indicators (compression and entrainment 
ratios as the resulting comparative parameters) of both 
devices for the case study are presented in Section 4. 
The conclusions are summarized in Section 5.

1  IDEAL PROCESSES IN THE EJECTOR AND TURBOFAN

Simplified schemes of the compared devices with 
their characteristic parameters are presented: ejector 
(EJ) in Fig. 2 and turbofan (TF) in Fig. 3. The main 
components of the EJ depicted in Fig. 2 are: nozzle, 

mixing chamber and diffuser. The main components 
of the TF in Fig. 3 are the air turbine and fan.

Fig. 2.  Simplified scheme of the ejector (the numbers  
next to the cross-sections correspond with the indices used  

in equations and diagrams

Fig. 3.  Simplified	scheme	of	the	turbofan:	T	–	turbine,	F	–	fan

The purpose of these devices is to create a mixture 
that has the required flow mass ratio M M M=  

0 1
  

and to provide this mixture with pressure Pm. In both 
devices, the passive flow of enthalpy h0 (or pressure 
P0) is induced by the active flow expressed as enthalpy 
h1 (or pressure P1). These flows are mixed, and the 
mixture attains the state of enthalpy hm (or pressure 
Pm). The following relationship exists between the 
states that define these processes: 

 P0 < Pm < P1   or    h0 < hm < h1 . (1)

The above-mentioned common states for both 
devices and related ideal gas processes are shown 
in the h – s diagram (Fig. 4). At first, consider these 
processes to be ideal when the internal irreversibility 
in each section is expressed by ΔSir = 0 and let us 
denote states that correspond with that with the ' index.
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In an ideal case, the initial state of active flow is 
marked as state 1 and for a passive flow 0. For the 
ideal processes, the initial state of the mixture (3') is 
on the P0 isobar that connects states 0 and 2'. Finally, 
the resulting state of the mixture is state 4', which is on 
the line that connects states 0 and 1. The ratio of ideal 
compression and ideal expansion (h4′ – h3′) / (h1 – h2′) 
is considered to be an indicator of the identity of the 
initial conditions of both devices.

Fig. 4.  Ideal mixing processes in ejector and turbofan

In this case the first law of thermodynamics 
(FLT) and the second law of thermodynamics (SLT) 
are expressed as follows:

    M h M h M M h
1 1 0 0 1 0 4' ' '

� � � �� � �� � , (2)

    M s M s M M s
1 1 0 0 1 0 4' ' '

� � � �� � �� � . (3)

The parametric equation resulting from the FLT 
and SLT enables to determine the specific location of 
point 4' for the enthalpy and entropy of this mixture:
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One of the most important indicators of such 
a process is the ratio between the flow mass rates, 
entrainment ratio M ' :
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The location of point 4' on the diagram allows 
determining the pressure Pm of the mixture in the 
idealized process.

Another important performance indicator would 
be the efficiency of compression, which demonstrates 
the ratio of the achieved result and the accompanying 
costs:

 �m M M h h M h h� �� � �� � �� �  

1 0 4 3 1 1 2' ' ' ' '
/ ,  (6a)

or

 �m M h h
h h

� �� � �� �
�� �

1
4 3

1 2

'

' '

'

.  (6b)

These two indicators together characterize the 
performance of the device. They must be defined for 
actual processes, i.e. evaluate the irreversibility of all 
processes in the devices.

Ideal expansion from 1 to 2' and compression 
from 3' to 4' and relevant actual processes from 
1 to 2 and from 3 to 4m for both devices are drawn 
analogously, as shown in Fig. 5.

Thus, from a graphical point of view, i.e. from the 
first approach, the processes do not differ in these 
devices. Both in the nozzle of the EJ and the turbine of 
the TF the conversion of the state of the active 
component (that has a higher total energy or enthalpy) 
to another state takes place. However, there is a 
difference. Transformations linked to kinetic energy 
take place in the EJ. In the nozzle of the EJ a flow 

Fig. 5.  Energy	conversion	processes	on	the	h-s	diagram	in	the	components	of	the	ejector	and	the	turbofan:	 
a)	the	turbine	(T)	and	the	nozzle;	b)	the	compressor	or	the	fan	(F)	and	the	diffuser
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process takes place, i.e. the energy of the active 
component is converted to flow velocity C2 (kinetic 
energy of the flow C

2

2
2/ ). The energy form obtained 

in the turbine is expressed specific mechanical work 
of the turbine eT. Analogously, only opposite processes 
occur in the diffuser and the fan. Actual processes 
properties depend both on the above mentioned 
inherent differences of the processes, as well as on 
specific irreversibility properties of their specific 
components, which will be discussed further, as 
thermodynamic models for each device are presented.

The processes in this paper are limited to 
cases in which both fluids are of the same nature 
and incompressible, and the flow is subsonic. This 
limitation has no significant effect on the planned 
essential assessments of the thermodynamic 
analysis of devices (balance equations and graphical 
representation) as well as the comparison of processes 
that take place therein and the efficiency thereof.

The thermodynamic statement, when and how 
much the device with the energy transformation 
through mechanical work is more efficient than 
another device, in which the kinetic energy is directly 
transferred between the two streams, is the interest 
of this work. This statement will be proven based on  
equivalent thermodynamic models for both devices. 
The proposition of such balanced minuteness models 
is an important part of this study.

2  THE THERMODYNAMIC MODEL  
OF THE PROCESS IN THE EJECTOR

This work compares and discusses the thermodynamic 
models of two devices, the ejector and the turbofan, 
designed to prepare a mixture of the selected mass 
ratio and state for the two ideal gas subsonic flows. 
We start with the EJ as a widely-known yet specific 
device used for flow mixing. Its specific feature is 
that the energy of the active flow (the flow that has 
a higher total enthalpy) is used to entrain the passive 
flow (the flow that has a lower total enthalpy) and 
to provide the mixture thereof with the momentum 
required to create the potential and kinetic energy of 
that mixture and to transport it between the devices in 
the system.

The structure of thermodynamic ejectors’ models 
designed to assess the processes that take place and 
related cases have been presented in the introduction. 
The model is based on balance equations of mass, 
momentum and energy for the EJ or its sections. In the 
majority of cases the flows inside the EJ can be treated 
as steady and one-dimensional.

The specifics of each model usually reflect 
the objectives and specifics of this paper. The usual 
sequence is followed in this paper. In order to correctly 
compare the EJ and TF, certain adjustments have been 
made.

To compare actual and idealized processes they 
are drawn on the same h – s diagram (Fig. 6). Dry air 
when subsonic flow is present has been selected for 
the case study. The influence of air humidity is not 
investigated as it is negligible in the context of this 
research. The initial state is 1 (1.9 bar) for the active 
flow and 0 (1.01325 bar) for the passive flow. The 
same pressure Pm is to be obtained in the actual 
process. For this, the mass flow rate from idealized to 
actual processes should be increased 1 1

 M M>
' . In 

addition, the state of the resulting mixture in this case 
on this Pm isobar would shift to the right from point 4' 
to 4m. We will discuss this transformation step-by-
step.

Fig. 6.  The	depiction	of	the	analyzed	processes	 
in the ejector on the h – s diagram

In the actual process, the active flow that flows 
out of the nozzle expands until it reaches pressure P0, 
state 2 and velocity C2, which is expressed as follows: 

 C h h h h Ns2 1 2 1 2
2 2� �� � � �� �' � , (7)

where ηNs = (h1 – h2) / (h1 – h2′) – the isentropic 
efficiency of nozzles (see the h – s diagram).

Having thus evaluated the internal irreversibility 
of the flow in the nozzle, the state of the mixture 
before the diffuser on the h – s diagram will shift 
from point 3' to the right ΔsN = Δs3' – 3* to point 3*. 
Then, after the ideal diffuser we would have the 
equivalent of point 3* – point 4* on the pressure line 
Pm. If we consider the velocity equalizing process of 
both components in the mixing section as isobaric, P2 
= P3 = P0, we can assess the internal irreversibility 
of this process in terms of the produced entropy 
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ΔsM = Δs3* – 3. We have the corresponding enthalpy h3 
and the isentropic efficiency of mixing chamber ηMs. 
The authors propose expressing this efficiency, using 
the process parameters depicted on the h – s diagram, 
as follows: 

 �Ms
h h
h h

�
�� �
�� �

2 3

2 3

*
,  (8)

and after the ideal diffuser point 4 on the pressure line 
Pm would be obtained.

When transitioning to the actual diffuser, it is 
necessary for the velocity C3 at the rear of the mixing 
chamber (i.e., before the diffuser) to become C4 ≈ 0 
once the flow reaches the rear of that diffuser on cross-
section 4, and that its pressure and enthalpy remain Pm 
and h4m, respectively. Having linked this to the actual 
process in the diffuser: 

C h h
h h h h

m
Ds Ds

3 4 3

4 3 4 3
2 2 2� �� � �

�� �
�

�� �
� �

' '
, (9)

where �Ds
m m

h h
h h

h h
h h

�
�� �
�� �

�
�� �
�� �

4 3

4 3

4 3

4 3

' '   is the isentropic 

efficiency of the diffuser. In Eq. (9) and the expression 
of ηDs the enthalpy difference was changed in 
accordance with the equation observed in the process 
on the h – s diagram, h4 – h3 = h4* – h3* = h4' – h3, 
because isobars Pm and P0 are almost parallel and 
the distance in the direction of s in terms of the entire 
diagram is small.

Velocities C0, C2 and C3 are related by the process 
in the mixing chamber, which is denoted by a dashed 
line in Fig. 2. In quantitative terms, it is defined by 
the momentum equation using these velocities and 
corresponding cross-sections: 

 

P A P A M C M C

P A M M C F
2 2 0 0 1 2 0 0

3 3 0 1 3 2 3

� � � �

� � �� � � �

 

  ,  (10)

where F2–3 is the force between cross-sections 2 and 
3.

When analysing ejectors, it is assumed that the 
mixing process takes place at a constant pressure 
P2 = P3 = P0, areas of cross-sections are linked 
A2 + A0 = A3, F2–3 = 0 and C0 = 0. To assess these 
assumptions in quantitative terms, in this paper, we 
propose using the isentropic efficiency of the mixing 
chamber and the corresponding produced entropy. 
Therefore the momentum Eq. (10) can be expressed 
as   M C M M CMs1 2 0 1 3

� � �� �  and readjusted as 
follows:

 




M
M

C
CMs

0

1

2

3

1� �� , or M
C
CMs� �� 2

3

1 . (11)

Having used Eq. (7) and Eq. (9), as actual 
processes take place in the EJ, it follows that:

 M
M
M

h h
h hNs Ms Ds� �
�� �
�� �

�




0

1

1 2

4 3

1� � � '

' '

. (12)

Using this equation we can find the actual flow 
rate of the active fluid M1  under actual conditions of 
the process efficiency, evaluated by ηNs, ηMs, ηDs. The 
initial state of the active flow, according to the h – s 
diagram, is 1 and the initial state of the passive flow 
(flow to be transported) is 0 and its mass flow rate 
M0 . When analysing the h-s diagram, these initial 

conditions can be expressed as follows:

h h
h h

h h
h h M

M
h h
h h

4 0

1 0

4 3

1 2

1 0

4 0

1

1
1

' ' '

' '
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'

,
�
�

�
�
�

�
�

�
�
�

�or  (13)

and then the equation that expresses the relationship 
between the main indicators of the actual and ideal 
ejectors (i.e., the entrainment ratio and coefficients of 
isentropic efficiencies of processes), is valid:

 M MNs Ms Ds� �� � �� � � 1 1
'

.  (14)

3 THE PROCESS IN THE TURBOFAN  
ALONGSIDE THE PROCESS IN THE EJECTOR

In the nozzle of the EJ a flow process takes place 
with energy losses, evaluated as the isentropic 
efficiency of the nozzle ηNs. In this case there is 
no mechanical work. A work process takes place 
in the turbine, with corresponding energy losses, 
evaluated as the isentropic efficiency of the turbine 
ηT = (h1 – h2) / (h1 – h2′). Even though this expression 
is analogous to ηNs, their numeric values differ due 
to different Δs2 –2', which depends on the distinctive 
properties of the component (turbine or nozzle).

When presenting the processes in the TF below, 
the device will be compared with the process in 
the EJ which was discussed in chapter 2. The work 
obtained in the turbine and the momentum obtained 
in the nozzle are used in the next elements of the 
corresponding device. We have chosen the aggregation 
of most common losses which occur in the TF. As a 
result, we used “isentropic efficiency of the turbine” 
and “isentropic efficiency of the fan”. It is hardly 
possible to estimate all losses that occur in practice. 
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In our research, these efficiencies are accepted on 
the basis of engineering practice and published 
investigations; the losses in microturbines have been 
analysed widely in [12], [13], [15] and [16].

The specific mechanical work of the turbine is eT 
or power  E e MT T= 1 , while the internal irreversibility 
of this process is evaluated as the isentropic efficiency 
of the turbine ηT . This power is transmitted to the fan 
installed on the same shaft without any energy losses. 
As in any fan, the change of state of the flow that is 
being mixed M1 + M0  takes place here, which is 
evident as an increase of enthalpy. The internal 
irreversibility of this process, including mixing and 
the restoration of pressure in the diffuser that is 
assigned to the fan, is evaluated as the isentropic 
efficiency of the fan ηT. In a more detailed analysis it 
can be divided into impeller, mixing and diffuser 
losses ηF = ηFI ηFM ηFD.

In quantitative terms, the process in the TF is 
expressed using the mechanical work of components, 
which is expressed by the power balance equation:

 e M e M MT F
  

1 1 0
� �� �.  (15)

Both compression processes on h – s diagrams 
(Figs. 5 and 7) are depicted using process lines with 
the same indices. Fig. 7 is a simplified version of Fig. 
6. The main processes on the h – s diagram for the EJ 
and the TF are depicted in an analogous manner.

Fig. 7.  The processes of the change of state of components that 
are	being	mixed	in	the	EJ	and	the	TF

Eqs. (11) and (15) serve as the basis of the 
dependence on the entrainment ratio for each of the 
compared devices:

 M C
CEJ � �2

3

1,  (16a)

and
 M e

eTF
T

F

� �1. (16b)

In general, the velocity of the flow that leaves 
the nozzle at the defined difference of enthalpies and 
the isentropic efficiency of the nozzle (the ratio of the 
difference of actual and isentropic kinetic energies) 
ηNs is expressed as follows:

 C h h Ns� �2
1 2

( ) .
'
�  (17)

The specific work in the turbine is calculated 
likewise:
 e h h T� �( )

'1 2
� . (18)

Then Eqs. (16a) and (16b) can be rewritten as:

 M
h h
h hEJ Ns Ms Ds�
�� �
�� �

�� � � 1 2

4 3

1
'

' '

,  (19a)

and
 M

h h
h hTF T FI FM FD�
�� �
�� �

�� � � � 1 2

4 3

1
'

' '

. (19b)

The efficiency of compression, based on Eq. (6) 
for actual process:

         �m M M h h M h h� �� � �� � �� �1 0 4 3 1 1 2
/ ,

'
 (20a)

or
     �m M h h

h h
M h h

h h
� �� � �� �

�� �
� �� � �� �

�� �
1 1

4 3

1 2

4 3

1 2'

' '

'

. (20b)

The enthalpy difference could be changed in 
accordance with the equation observed in the process 
on the h – s diagram, h4 – h3 = h4' – h3' , because isobars 
Pm and P0 are almost parallel and the distance in the 
direction of s in terms of the entire diagram is small.

On the basis of Eqs. (19) and (20) the expressions 
of the efficiency of the EJ and TF are obtained:

 � � � �EJ Ns Ms Ds

h h
h h

h h
h h

�
�� �
�� �

�
�� �
�� �

1 2

4 3

4 3

1 2

'

' ' '

, (21a)

and

 � � � � �TF T FI FM FD

h h
h h

h h
h h

�
�� �
�� �

�
�� �
�� �

1 2

4 3

4 3

1 2

'

' ' '

.  (21b)

Having applied the previous assumption that 
h4* – h3* = h4 – h3 = h4' – h3' :

 � � � �EJ Ns Ms Ds

h h
h h

�
�� �
�� �

4 3

1 2

' '

'

,  (22a)

and

 � � � � �TF T FI FM FD

h h
h h

h h
h h

�
�� �
�� �

�
�� �
�� �

1 2

4 3

4 3

1 2

'

' ' '

.  (22b)

When comparing the efficiencies of these two 
devices it follows that:
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,  (23)

and the entrainment ratio proportion thereof, with 
the same main starting thermodynamic parameters 
(h1 – h2')/(h4' – h3'):

 M
M

h h
h h

h h
h

TF
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T FI FM FD
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 (24)

4  RESULTS OF THE THERMODYNAMIC ANALYSIS

4.1  Processes that The Place in the Ejector

The numeric analysis of the presented model under 
the initial conditions listed in Table 1 (dry air and 
subsonic flow) is presented below.

Table 1.  Initial air state parameters for the numerical examples

h [kJ/kg] s [kJ/(kg·K)] P [Pa]
1 308.6 1.55 190000
0 292.0 1.675 101325
2' 257.8 1.55 101325

The h – s diagram in Fig. 8 and Table 2 present 
the results of three numeric examples of the analytical 

explanation provided above. These cases correspond 
with the structure of the detailed diagram depicted 
in Fig. 6, where the numeric case of M0 / M1' = 1.33 is 
shown. For the purpose of an equivalent comparison 
of the essential results, identical isentropic efficiencies 
ηNs , ηMs , ηDs were selected for all cases (0.85; 0.90; 
0.85, respectively [9]).

In Figs. 5 to 8, closed dots depict the states of the 
actual process, while open dots are used to convey the 
concept of thermodynamic models (see Fig. 6).

It should once again be noted that this paper 
presents a case in which the pressure Pm and mass flow 
rate M0  of the mixture obtained in the ideal process 
following the proportions of the component should 
be preserved when transitioning to the actual process. 
For this purpose, the mass flow rate of the active fluid 
is increased in terms of the ideal case,  M M

1 1
>

'
. As 

the M0  component relatively increases, Pm moves 
towards the pressure line of M0  (1.01325 bar).

The enthalpy of the mixture decreases while 
the entropy increases, in turn increasing the internal 
irreversibility of the process. The relationship between 
Eqs. (13) and (14) shows that this mass flow rate has 
to be increased. Compared with the ideal process for 
each case, M0 / M1’= 2.5; 5; 9, the mass flow rate of the 
active flow has to be increased almost five times while 
the efficiency of compression is nearly halved. This is 
depicted in Fig. 9.

Other cases are possible; for example, the aim to 
preserve the initial ratio of mass flow rates M ', i.e., 
they should remain the same in both ideal and actual 
cases. Then the pressure of the mixture would be 

Table 2.  The results for three cases when subsonic flows of air are mixed in the ejector

Numeric cases in accordance with Eq. (18)

M0 / M1' = 2.5 M0 / M1' = 5 M0 / M1' = 9

ηNs ηMs ηDs ηNs ηMs ηDs ηNs ηMs ηDs
0.85 0.9 0.85 0.85 0.9 0.85 0.85 0.9 0.85

State parameters typical of the process

h [kJ/kg] s [kJ/(kg·K)] P [Pa] h [kJ/kg] s [kJ/(kg·K)] P [Pa] h [kJ/kg] s [kJ/(kg·K)] P [Pa]
2 265.4 1.579 101325 265.4 1.570 101325 265.4 1.579 101325
3' 282.2 1.639 101325 286.3 1.654 101325 288.6 1.663 101325
4' 296.8 1.639 121331 294.8 1.654 113029 293.7 1.663 108696
3* 284.6 1.648 101325 287.7 1.659 101325 289.4 1.665 101325
4* 299.2 1.648 121331 296.2 1.659 113029 294.5 1.665 108696
3 286.7 1.655 101325 290.2 1.668 101325 292.1 1.675 101325
4 301.5 1.655 121331 298.8 1.668 113029 297.2 1.675 108696

4m 304.1 1.664 121331 300.3 1.673 113029 298.2 1.678 108696
Main results

M0 / M1 M0 / M1' ηm M0 / M1 M0 / M1' ηm M0 / M1 M0 / M1' ηm
Eq. (12) Eq. (13)/ Eq. (14) Eq. (20) Eq. (12) Eq. (13)/ Eq. (14) Eq. (20) Eq. (12) Eq. (13)/ Eq. (14) Eq. (20)
0.509 4.916 0.438 0.975 5.128 0.334 1.550 5.806 0.258
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lower than Pm, significantly reducing the efficiency. 
The results of the comparison of the TF and EJ are 
presented below.

4.2 Assessment of the Main Performance Indicators of the 
Ejector and the Turbofan

Fig. 10 shows the results of the comparison of the 
most important performance characteristics for the 
processes that take place in the EJ and TF, obtained 
using Eqs. (22) to (24). All those dimensionless 
or ratio-based characteristics are given depending 
on the previously mentioned initial conditions  
(h4' – h3')/(h1 – h2'). These conditions are 
unambiguously related to the entrainment ratio of 
the ideal EJ, expressed by Eqs. (13) or (5). Fig. 10 
shows the numerical link between the following initial 
conditions and three cases of M0 / M1’ (see Table 2) for 
the EJ: 2.5, 5.0 and 9.0.

The figure shows that according to the equations 
obtained during the analysis, the devices compared 
here have different sensitivities to the initial conditions. 
When both Eqs. (23) and (24) are equal to 1 (see also 
1 in the ordinate axis), the performance indicators 
for the same initial flow conditions for both devices 
are the same. From here towards lower values of  (h4' – h3')/(h1 – h2') (on the left side of the diagram) 
the TF has an advantage over the EJ. As shown in 
the figure, the actual efficiency of compression of the 
EJ at that location is about 33 % (Eq. 21a) and the 
entrainment ratio is almost 1 (Eq. 19a).

The intersection of the indicators depicted in the 
diagram (coloured dots) depends on the numeric values 
of the combination of isentropic efficiencies ηT ηF and 
ηNs ηMs ηDs. The above are commonly assumed to be 
(point and lines – green): ηT = 0.5; ηFI = 0.8; ηFM = 0.9; 
ηFD = 0.9. Thus, ηF = 0.8 × 0.9 × 0.9 = 0.65. For EJ – 
ηNs = 0.85, ηMs = 0.90, ηDs = 0.85.

This competitiveness boundary of the 
compared devices is determined analytically as 
(ηT ηF)2 / (ηNs ηMs ηDs), which would be an indicator 
comparing the degree of irreversibility of the 
processes in these devices, for which no flow state 
parameters are required. In this case study it equals 
0.16 from (0.5 × 0.65)2/(0.85 × 0.90 × 0.85) while the 
corresponding  M M

0 1'
 equals 5.07.

When we increase the isentropic efficiency of EJ 
components, we will have the case < 0.16 (the point 
of intersection of the comparative parameters will 
move to the left, see Fig. 10). When we increase the 
isentropic efficiency of microturbine or fan, we will 
have a case > 0.16.

Fig. 8.  The depiction of numeric examples of the process in the 
ejector	on	the	h-s	diagram:	a)	when	M0/M1’= 2.5; b) when M0/M1’= 
5; c) when M0/M1’= 9. Other data correspond with Tables 1 and 2

Fig. 9.  Variation in actual active mass flow rate and the efficiency 
of compression of the ejector subject to the selected mass flow 

ratio	in	the	idealized	process
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These isentropic efficiencies are highly dependent 
on the size and other features of each evaluated 
component. While in a wide range ηNs ηMs ηDs are 
rather stable and well-researched, when it comes to 
small devices (micro-turbines with partial admission 
and micro-fans or micro-compressors) ηT ηF can move 
quite far from 1.

This is demonstrated by additional sensitivity 
analysis by changing the efficiency of the 
microturbine, which is the parameter whose value 
has the least certainty at this stage of the research. 
The ejector's isentropic efficiencies are assumed as 
constant (see also Table 2) As already mentioned, 
in the case of Fig. 10, isentropic efficiency of 
microturbine is ηT = 0.5. In the case of ηT = 0.40, it is 
understood that the advantages of TF occur at the EJ 
entrainment ratio values higher than 1. These would 
be the cases to the left of MEJ ≈ 1.5 (point and blue 
lines). In the case of ηT = 0.30 of TF, the benefits 
appear for cases already to the left of MEJ ≈ 2.3 
(point and red lines). The developed analytical model 
and this fragment of the sensitivity analysis show that 
particular attention must be paid at the microturbine's 
design in the design of TF.

The advantage of the TF over the EJ increases 
as the entrainment ratio on the basis of mass 
M M M=  

0 1
 increases. This means that based on 

the h – s diagram, when the initial and resulting state 
parameters are the same, the TF with the selected 
active flow rate will allow a higher amount of the 
passive flow to be pumped.

Due to the higher efficiency of compression and 
the accompanying entrainment ratios the TF could be 
relevant in terms of gas burners, roof turbofans and 
other specific devices. Natural gas burners that use 
full mixing require M ≈ 18. When entrainment ratios 
are low, the EJ has an advantage in terms of these 
indicators. The processes that take place in the TF and 
EJ are rather simplified in this paper, which allows 
the authors to easily demonstrate or emphasize that in 
order to achieve higher entrainment ratios, converting 
the available energy to mechanical work enables the 
possibility of achieving better performance when 
compared with conversion to kinetic energy.

More thorough experimental research is required 
to determine the values of M  and the absolute values 
of M1  and M0  at which it is efficient to use the TF. In 
addition to this, this device has moving parts, making 
its manufacturing process more complicated.

5  CONCLUSIONS

In this paper, the authors have analysed the 
thermodynamic processes in the ejector and the 

Fig. 10.  The comparison of the main performance indicators of the ejector and turbofan under the same starting conditions  
(h4' – h3')/(h1 – h2'), Eq. (13)
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turbofan when they have the same initial states of 
active and passive flows. This analysis is based 
on the parallel comparison of two thermodynamic 
models: one of them is created for turbofan, and one is 
adapted from the classical ejector. The characteristics 
that demonstrate their efficiency – the efficiency of 
compression and entrainment ratios – were defined 
and compared at the subsonic flow mode conditions. 
The following conclusions were made:
1. The main cause of the resulting differences is 

the following. The mixing process in the EJ is 
realized via the interaction of kinetic energies that 
is expressed by the momentum balance equation. 
In the TF this occurs by transforming the energy 
of the active flow into the turbine work transferred 
to the fan, which conveys the passive flow. The 
process is defined by the work balance equations.

2. The case of numerical examples for the 
comparison of thermodynamic processes in the EJ 
and the TF when they have same initial states of 
active and passive flows (h4' – h3')/(h1 – h2')  shows 
that the TF has an advantage over the EJ at lower 
values of these starting conditions (< 0.161). The 
advantage of the TF over the EJ increases as the 
entrainment ratio on the basis of mass increases 
M =  M M

0 1'
. In this case the turbofan could be 

relevant in terms of gas burners, roof turbofans 
or other specific devices for which a relatively 
higher passive flow rate is required.

3. The boundary between the advantage of the 
TF over the EJ on the basis of efficiency of 
compression and entrainment ratio indicators 
for the same initial flow conditions is 
determined analytically. These cases correspond 
to ((ηT ηF)2) / (ηNs ηMs ηDs). It is 0.16 in the 
case of numerical examples and depends on 
the combination of isentropic efficiency of 
the components of both devices. In order to 
determine these specifics for the TF, a thorough 
experimental study is required, especially if a 
microturbine with partial admission is used.
The numerical results obtained comparing the 

models discussed in the paper are limited to air-to-
air flows mixing at the subsonic regime. Considering 
similarities to EJ, turbines and ventilators, the 
presented thermodynamic model could serve as a 
basis for the creation of the theoretical model for roof 
turbine ventilators. The developed model could also 
serve as a basis for its development into supersonic 
analysis.
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7  NOMENCLATURE

A  cross-section area, [m2]
C velocity, [m/s]
E  mechanical power, [kW]

e specific mechanical work, [kJ/kg]
F2–3 power between cross-sections 2 and 3, [N]
h enthalpy, [kJ/kg]
M  mass flow rate, [kg/s]

M  entrainment ratio (ratio of mass flow rates), [-]
P pressure, [Pa]
S entropy, [kJ/K]
s entropy, [kJ/(kg·K)]
η efficiency, [-]
ηDs the isentropic efficiency of diffuser, [-]
ηF the isentropic efficiency of fan, [-]
ηFD the efficiency of fan diffuser, [-]
ηFI the efficiency of fan impeller, [-]
ηFM the efficiency of mixing in fan, [-]
ηMs the isentropic efficiency of mixing chamber, [-]
ηMs the isentropic efficiency of nozzles, [-]
ηT the isentropic efficiency of turbine, [-]

Superscripts
' idealized state
+  in
–  out

Subscripts
0 to 4  air flow states at the cross-section (according 

to Fig. 2)
D diffuser
EJ  ejector
F fan
ir irreversible
M mixing chamber
m mixture
N nozzle
T turbine
TF turbofan
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