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Abstract:

Exergy analysis is used-as a tool for the evaluation of exergy losses in a two-phase steam-water
injector in an effort.to improve its overall performance in respect to exit pressure. The aim of this
paper is to study irreversible losses in the component parts of the injector, including the steam nozzle,
water nozzle and diffuser as well as the two-phase region comprising the mixing chamber and the
condensation-shock wave. Calculations based on experimental data revealed the regions with the
greatest irreversibilities, namely in the two-phase region and in the steam nozzle. Particular attention
was paid to the steam nozzle, for which a procedure was developed to determine the overall velocity
coefficient, including all irreversibilities in the steam nozzle during steam expansion. The study
indicated the most important factors influencing the injector’s performance. Finally, the exergy
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efficiency was calculated for the two investigated steam injectors.
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cross-section surface area, m>

specific thermal exergy, J/kg

exergy transfer rate, W

velocity coefficient, ¢, = w,/wy,, dimensionless
water volumetric flow rate, m>/h

specific enthalpy, J/kg

exergy destruction (due to irreversibility), W
mass flow rate, kg/s

pressure, Pa

heat transfer rate, W

specific entropy, J/kgK
entropy generation rate, W/K

temperature, K or °C

reference temperature, 7, = 273.16 K

entrainment ratio, U = rir,,/m,,,

velocity, m/s

steam quality (dryness fraction), dimensionless

axial coordinate, distance from mixing chamber inlet, m

Greek symbols

efficiency, dimensionless

steam nozzle efficiency, gy = (ww/wm)2 =¢?
density, kg/m’

hydraulic resistance coefficient, dimensionless
flow exergy, J/kg

Subscripts

average
exergy

control volume
dead state

diffuser

dry steam flow
frictional
irreversible

liquid (water)
mixing chamber
vapour (steam)
isentropic value
total

steam-water injector
steam nozzle

shock wave

water nozzle
at steam injector inlet (for steam and water)

at mixing chamber inlet

at mixing chamber throat

at high-pressure side of condensation shock wave
at steam injector outlet



1. Introduction

The two-phase vapour-liquid injector (or ejector) is a simple, compact device in which the
thermal energy of vapour is used to heat or pump liquid. Such an injector can work as a
passive (i.e. not requiring an electric power supply) jet pump or as an efficient direct-contact
heater. Due to its advantages, the injector is applied in many areas of industry, e.g. in thermal
engineering, refrigeration and air conditioning, desalination as well as in the petrochemical
and chemical industries [1]. In chemical engineering two-phase injectors are used as mixers,
reactors or absorbers [2,3].

Various vapours and liquids are used in two-phase injectors. If water is used, with its
vapour (i.e. steam) as a primary stream and water in liquid state as a secondary stream, the
device is called a steam-water injector (SI — when used to raise water pressure) or a steam-
water ejector (when primarily used to suck water from a reservoir) . The steam-water injector
consists of four main parts: steam nozzle (SN), water nozzle (WN), mixing chamber (MC)
and diffuser (DF). Such an injector with a central steam nozzle arrangement is shown in Fig.
1. Superheated steam is expanded and accelerated to a supersonic velocity in the converging-
diverging nozzle (Laval type). This creates a low static pressure at the MC inlet, which causes
water to be drawn in through the annular slot (gap) sutrounding the steam nozzle exit. In the
mixing chamber, the steam transfers its momentum and energy to the water. The resulting
two-phase flow is compressed in the shock wave forming in the diffuser downstream of the
throat. Inside the shock wave region the vapour phase completely condenses. Thus only liquid
water leaves the steam-water injector.

The flow of steam and water in the mixing chamber is very complex. Due to mass,
momentum and energy transfer between the phases, different flow patterns or flow regimes
appear in the MC [4].

Many papers have been published in an effort to improve the understanding of
injector/ejector processes and their performance. However, our knowledge of the physical
mechanisms occurring in this device is still limited. Two different general methodologies
have been used to-tackle this problem. The first one proposes models, e.g. [5,6,7], describing
the global thermal and flow characteristics of the injector and uses the experimental results to
close the model equations [5]. A more detailed description of the injector flow has been
obtained from models based on conservation equations formulated in the cases of 1D [6] or
2D [7]. The second approach is based on exergy analysis, which can be applied to particular
parts of the injectors in order to find the exergy losses occurring there and this way evaluate
the injector’s performance. Arbel et al. [8] proposed entropy production methodology for one-
phase gas-gas ejectors to find performance losses during internal processes on the basis of
Gouya-Stodola’s well-known theorem, where the entropy generation is proportional to exergy
losses. Pridasawas and Lundqvist [9] used exergy analysis as a tool to analyse the
performance of a gas-gas ejector refrigeration cycle driven by solar energy. They found that
the most significant exergy losses in the system occurred in the solar collector and in the
ejector. Yari and Sirousazar [10] analysed the performance of a new configuration ejector—
vapour compression refrigeration cycle using the exergy method.

Trela and Kwidzinski [11] and Trela et al. [12] carried out both an experimental and
theoretical investigations on two-phase steam-water injectors. They found that the most



significant exergy losses were in the two-phase region (TP) (including mixing chamber and
shock wave) and in the steam nozzle. Two different methods were used for the TP region. In
the first (direct) method, an entropy balance equation for a control volume comprising the
two-phase region was applied [13]. In the second method, the exergy losses in the two-phase
region were evaluated indirectly as the difference between the steam and water exergy sum at
the steam injector inlet and the sum comprising exit water exergy plus the exergy losses in the
steam nozzle, water nozzle and diffuser. The authors of [11,12] argued that the indirect
method was more precise because it took into account non-equilibrium aspects, which was not
possible in the direct method.

The aim of this paper is to present the methodology of exergy losses evaluation in
component parts of the steam injector with special attention focused on the steam nozzle. The
flow of steam in the Laval nozzle may be very complicated if the steam expansion line enters
a wet steam region (i.e. below the saturation line). To determine the exergy losses in the
nozzle in such cases a special procedure has been developed. This procedure is presented in
the paper with example calculations based on the experimental results obtained for two
versions of the steam injector.

2. Experimental set-up

Experimental investigations of the steam-water injector were conducted on two laboratory
scale injectors (Fig.2) designed and built at the Szewalski Institute of Fluid-Flow Machinery
(IFFM) in Gdansk. In both these injectors the water flowed in the form of a thin annular film
on the mixing chamber wall with the steam in the mixing chamber core. The measured and
recorded parameters of the inlet steam and water included: temperature, pressure and flow
rate. Measured also were the distributions of average pressure, temperature and void fraction
along the mixing chamber and diffuser. Flow rates were measured with an accuracy of 1.25%,
pressure — 0.1% and temperature — 0.2 K. The design of the injectors to some extent allowed
for variations of inter-phase exchange conditions in the mixing chamber by adjusting the size
of the annular water nozzle gap [4, 14].

Two different steam injectors were used. In the first one (the so-called long version) the
mixing chamber length was 220 mm and the average mixing chamber pressure was pyic =7
kPa, while the mixing chamber of second, short version was 100 mm long and its average
mixing chamber pressure was pyc = 19 kPa. Figure 3 shows the short version steam-water
injector with some details of pressure transducers and thermocouple arrangement.

During experimental investigations the inlet steam parameters and the inlet water
temperature were kept constant. The exit pressure was adjusted to its maximum value with the
condensation wave located at the MC throat. Any further attempt to increase the back-
pressure and push the condensation wave deeper into MC throat destabilized the flow in the
SI and caused the apparatus to stall.

3. Experimental results

The profiles of pressure p and temperature 7 obtained during the research are typical for
the two-phase steam-water injector. Example results for both SI versions are shown in Fig. 4
(SI with long MC) and in Fig. 5 (SI with short MC). These show that the MC pressure profiles



are flat, while the temperature rises in near-linear way. A rapid pressure rise is observed only
in the shock wave region, followed by a further, moderate increase of pressure along the
diffuser. The measurements were taken with the inlet parameters having the following values:
steam flow 128 + 5 kg/h, absolute steam pressure 3.8 + 0.1 bar, steam superheating 13-29 °C,
water flow 1.5-6.0 m*/h, inlet water temperature 13.8-18.6 °C, water nozzle gap 1.0 mm.

Two facts are worth noting. Firstly, the change of pressure in the SI diffuser does not
propagate upstream of the shock wave region. This means that the two-phase flow in-the
mixing chamber is supercritical. Secondly, the exit pressure can exceed the inlet vapour
pressure when there is a sufficiently high water-to-vapour mass flow ratio, i.e. entrainment
ratio U (see Fig. 5). The highest exit-water-to-inlet-steam-pressure ratio achieved for the
“short” SI was 1.24 while for “long” SI this parameter reached only 0.86 in similar inlet flow
conditions [15,16]. When the values of water flow rate G are low, the exit pressure diminishes
but the water temperature rises higher. However, in this case the shock wave shifts
downstream and the two-phase flow extends further into diffuser.

4. Evaluation of exergy losses

From the thermodynamic point of view, the steam-water injector is an example of an open
system (control volume). An exergy balance in the control volume can be expressed in a rate
form as [13]

B

Bheat_ work+BO—B4_ISI=ABCV’ (1)

taking into account the rates of exergy transfer by heat, work and mass. During normal

injector operation the flow is steady (AB., =0), the heat transfer to the surroundings is

negligibly small (B, =0)andthe work is nil (B_ , =0) so Eq. (1) is reduced to

heat work

BO_IS1:B4’ (2)

where Ig; stands for all irreversible losses in the steam injector and symbols Bo , B4 denote the

exergy transfer rate at the injector inlet and outlet, respectively.

Irreversible losses are generated in four different regions of the flow domain in the
injector, namely in the steam nozzle (SN), water nozzle (WN), two-phase flow region (TP)
and diffuser (DF). Thus, the total losses Is; may be written as a sum

Ly =Tg+ 1Ly +1p+1. 3)

If the performance of the two-phase (steam-water) injector is assessed, it is important to
know exergy destruction in all of the above-mentioned regions. Except for the mixing
chamber and shock wave regions, the exergy losses can be evaluated using the general
thermodynamic approach presented in textbooks, e.g. [13,17]. The results obtained by Trela
and Kwidzinski [11] show that exergy destruction in the single-phase flow regions of the
injector can be evaluated according to the following formulas:

for steam nozzle
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It is far more more difficult to evaluate exergy loss for the two-phase flow (TP) region,
comprising the mixing chamber (MC) and shock wave region (SW), where mass, momentum
and energy transfer between vapour and liquid plays ‘a dominant role. The difficulties arise
from the very complex nature of the phenomena occurring in this flow region, where three
irreversible processes — friction, flow pattern transitions and steam-water heat transfer,
contribute to exergy destruction. Moreover, the flow in the mixing chamber is not in
equilibrium since the temperatures of water and steam differ significantly. Therefore, due to a
lack of sufficiently detailed information on the flow structure and the thermodynamic
parameters of the steam and water, this flow region is treated globally and the exergy
destruction I7p is calculated by the above mentioned indirect method. Thus, taking the
advantage of Eqgs (2)—(6), the valueof I7p is calculated using the balance equation

IDF:TrSgDF:Tr; (6)

ITP=BO_B4_ISN_IWN_IDF' (7)
The inlet exergy B, is a sum of contributions from the inlet steam and water,
By=B,,+B,,, (8)

while the outlet exergy B,is determined from flow properties at the steam injector exit (state

4). The respective exergies are calculated as [13,11]

2
. . W,
By, = mvo{hvo —T.syo + 50} 9)
. W2
B, = mLO(hLO —Tspo+ 2L0] (10)
. w2
B, = (riy, + mLO)(hL4 ~Tsp,+ 2L4J (an

In the above equations the reference temperature 7, should correspond to a state for which
entropy is set to zero (usually the triple state, in which case T, = 273.16 K).



Evaluation of the exergy losses Isy in the steam nozzle, Iyy in the water nozzle and Ipr
in the diffuser requires knowledge of the velocity coefficient ¢, for the steam nozzle and flow
resistance coefficients { for the water nozzle and diffuser. The evaluation of the two
coefficients { is quite easy since they depend on the geometry of the nozzle and diffuser,
respectively, as well as on the flow conditions expressed by Reynolds number [18]. The
approximate values of { are in the range 0.1-0.2.

Evaluation of coefficient c,

Determination of coefficient ¢, is not an easy task when superheated steam expands in a
Laval nozzle to a pressure below the Wilson line (when spontaneous steam- condensation
causes additional exergy losses). It should be pointed out that under working conditions the
mixing chamber pressure may be different from the nominal pressure at the steam nozzle exit,
which causes a shock wave formation and also generates additional exergy losses. A
schematic representation of the expansion line in the Laval nozzle is shown in the h-s
diagram, Fig. 6.

Here four major sources of exergy losses may be distinguished: friction, spontaneous
condensation, the flow of the steam-droplet mixture and the shock wave at the nozzle exit
(when the exit pressure does not match the inlet MC pressure). The first three phenomena
may be taken into account using the well-known Baumann rule [19],

Msv =5 dry ¥a (12)

in which the steam nozzle efficiency 75y 1s equal to the product of nozzle efficiency in dry
stream conditions 75y 4 and the average steam quality x, during steam expansion. It follows
from Eq. (12) that for constant inlet steam conditions, the average steam quality is
proportional to the exit steam quality x; only, thus efficiency 775y can be presented as

Moy = ()5 % (13)

A special numerical procedure was developed to calculate the overall velocity
coefficient c, in this complex case using experimental data to determine the conditions at the
steam nozzle dinlet and exit. With the measured values of the inlet steam pressure pyy and
temperature Typ, as well as of the exit pressure py; in the mixing chamber (at a location less
than 1 mm from the steam nozzle outlet), the iterative method was used to find such a value of
¢, where the calculated steam mass flow rate r,, was equal to the measured value .

In each iteration the ideal-flow exit enthalpy Ay;(pyi,Svo) was calculated first (Fig. 6),
assuming isentropic expansion in the steam nozzle, i.e. at the condition sy;; = syo. Next, using
an approximate value of the velocity coefficient c,, enthalpy loss Ah;,, sy was evaluated from
Eq. (4a). Adding Ah;,, sy and hy,s, a value of exit enthalpy Ay, in irreversible flow was found,

by, = Ak, gy +hy) (14)

This enthalpy was used to determine vapour density at the steam nozzle exit, pvi(pyi,hvi).
Furthermore, steam nozzle exit velocity wy; was evaluated [11] from

wy, =, 20y —hy,,) - (15)



Finally, the steam mass flow rate at the nozzle exit (of cross-section area A; sy) was calculated
as

1y, = A v Py Wy (16)

and compared with the measured value .

The Newton numerical method was applied to eliminate the initial discrepancy between
the values of 71, and 71, and to determine the correct value of c¢,. When the pressure tap

was located downstream of the nozzle exit plane at a distance exceeding 1 mm, a parabolic
extrapolation was used to get the correct value of the nozzle exit pressure py;.

Results of the ¢, calculations for the “short” and “long” version steam injectors are
shown in Fig. 7. The values obtained generally are lower than usually assumed for Laval-type
nozzles (0.94-0.99 [13]), suggesting that additional irreversible losses are encountered due to
spontaneous condensation and shock wave formation in the supersonic-steam flow near the
nozzle exit. Indeed, calculated steam quality at the nozzle exit indicated the presence of wet
steam. Moreover, the measured pressure py; was higher than the design (nominal) exit value
for the steam nozzles of both steam injectors.

The results of the calculation of the exergy losses in injector parts are shown in Fig. 8.
The calculations were based on data gathered in the experiments described above, with a
constant steam flow rate at the injector inlet and with selected inlet-water flow rates to obtain
entrainment ratio U in the range 12-47. The measured flow rates, temperature and pressure
were used to calculate exergy at the injector’s inlet and outlet as well as the exergy losses in
its component parts according to Eqs. (4)—(7). Total steam injector exergy losses calculated
according to Eq. 3 are shown in Fig: 9.

Finally, the exergy efficiency 77 of the steam-water injector was calculated as

Mo= a7
B 0
The results shown<in Fig. 10 indicate that the efficiency is the highest for low values of
entrainment ratio U, reaching 36% when U = 16 in “long” SI and falling to 28% when U = 47.
For the “short” S, the efficiency varied from 44% to 36% when the U ratio range was 12-38.

5. Concluding remarks

The above analysis was based on the methodology of entropy production applied to the
two-phase steam-water injector. Since the entropy production is equivalent to exergy
destruction, a procedure based on the experimental data was developed to evaluate exergy
losses in the injector parts. This procedure showed that the highest irreversibility sources are
in the two-phase region (mixing chamber and condensation shock) and in steam nozzle.

Special attention was paid to the steam nozzle flow, for which a method was devised to
calculate the overall velocity coefficient, including all irreversibility sources during the
expansion of motive steam in the Laval nozzle. Since initially superheated steam expands in
the Laval nozzle below the saturation and Wilson lines, four irreversibility sources were
identified: friction, spontaneous condensation, steam-water droplet mixture flow and the
shock wave at the steam nozzle exit.



Using the experimental data, the overall velocity coefficient was calculated for the two
test steam-water injectors working at the same initial steam parameters. It turned out that the
coefficient values for the two injectors differ significantly. For the short steam nozzle, in
which the expansion line terminates at higher pressure and therefore with a higher exit steam
quality, the velocity coefficient is greater. This fact evidently shows the importance of steam
quality on injector performance. By selecting proper steam parameters at the steam nozzle
exit this source of irreversibility may be significantly reduced and injector performance; in
respect of the exit pressure, increased.

Calculations of the velocity coefficient and injector exergy efficiency revealed their
strong dependence on entrainment ratio U, which results from irreversibility loss changes in
the injector elements. Contrary to the common opinion that steam-water injectors have very
poor efficiency, this analysis indicates that the exergy efficiency of the injector can be quite
high, from 27% to 45%.
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Fig. 1. Sketch of two-phase steam-water injector: SN — steam nozzle, WN — water
nozzle,

MC - mixing chamber, DF — diffuser, ¢ — throat.

Fig. 2. Diagram of experimental stand [4]: 1 — steam injector, 2 — water container with
degasifier, 3 — steam generator, 4 — steam separator, 5 — steam superheater, 6 — pump,
7 — cooler, 8 — steam flow meter, 9 — water flow meter, 10 — steam control valve, 11 — water
flow control valve, 12 — back-pressure control valve.

Fig. 3. Geometry of the test steam-water injector (short version) with pressure
transducer (P) and thermocouple (T) locations.

Fig. 4. Measured profiles of pressure (a) and temperature (b) along the mixing chamber
and diffuser recorded in the “long” SI for selected values of inlet water flow rate G and exit
back-pressure ps4. Broken line at z = 0.22 m indicates the location of mixing chamber throat.

Fig. 5. Measured profiles of pressure (a) and temperature (b) along the mixing chamber
and diffuser recorded in the “short” SI for selected values of inlet water flow rate G and exit
back-pressure p4. Broken line at z = 0.1 m indicates the location of mixing chamber throat.

Fig. 6. Schematic representation of steam expansion line in the steam nozzle: a —
spontaneous condensation on Wilson line, b — shock wave at nozzle exit.

Fig. 7. Overall velocity coefficient ¢, versus entrainment ratio U calculated for steam
nozzles of two SI versions.

Fig. 8. Exergy losses in the injector parts calculated for the two versions of the injector.

Fig. 9. Total exergy losses calculated for two injector versions.

Fig. 10. a) Exergy rate at steam injector inlet B, and exit B,, b) steam injector

efficiency 77 versus entrainment ratio U.
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