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Abstract: This paper aims to propose a new algorithm for designing thermal vapor compressors
(TVCs) using given operation parameters. First, an axisymmetric model was used to simulate a TVC,
and the results were compared with those from published experimental results. A simulation set was
designed to analyze the TVC dimensions, and then statistically-significant parameters (p-value < 0.05)
were chosen for the subsequent studies. Thereafter, three parametric lengths were defined and a
model presenting entrainment ratio (ER) was developed using a set of simulation results. The
obtained characteristic equation allows us to scale (up or down) the TVC to different capacities,
calculate the real-time sizes or predict the performance. It was found that the critical “TVC/primary
nozzle” throat diameter ratio is constant in every scale-up study, depending on operation conditions.
By establishing a characteristic graph, the approach was expanded for a broader algorithm. The
comparative results revealed that this approach is able to predict the ER for every scaling study with
an error of less than 2.8%. This approach can be used to devise TVCs ejectors using any given ER and
capacity within the ranges of possible usage.

Keywords: Thermo-Vapor Compressor (TVC); dimensionless methodology; Multi-Effect Distillation
(MED); scale up; statistical study

1. Introduction

Desalination of seawater is going to be the central part of sustainable urban water
management. Thermal desalinates are in two classic types, including multi-stage flash
(MSF) and multi-effect distillation (MED). By blowing high-pressure steam through the
primary nozzle at the thermal vapor compressor (TVC) suction, the motive steam speeds
up to supersonic velocity. This results in a high level of vacuum, causing the secondary
stream to flow through the TVC, hence the name steam ejector.

Several researchers have studied TVCs and ejectors experimentally [1]. Many re-
searchers have investigated the application of computational flow dynamics (CFD), proving
that these methods are inexpensive, and reliable [2—4], including reactor design, aviation,
and supersonic streams. Some of these efforts have primarily been focusing on the de-
termination of primary nozzle Mach number, ejector area ratio, entrainment ratio (ER),
compression ratio (CR), stagnation temperature, and pressure ratio. Later, these efforts
pivoted to further improve the operating conditions and geometrics, by employing finite
volume and finite element methods [4]. Petrovic et al. (2018) compared the analytical,
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experimental, and numerical methods and presented a new design methodology working
on a constant nozzle area ratio for different mass flow rates [5]. Balamurugan et al. (2008)
found that the CFD models provide satisfying predictions for the experimental results and
revealed an optimum ratio for the nozzle to throat area ratio [6]. Employing dimensionless
parameters, K. Zhang et al. [7] demonstrated that depending on the ejector model, there
is an optimal nozzle position for a given set of operating conditions and fixed geometries.
Dong et al. [1] studied the effect of the operating temperature, exit position, and the ejector
area ratio on the performance of the steam ejector. They concluded that a steam ejector
could operate successfully for a particular configuration size to generate outlet steam
within a temperature range of 40-70 °C. Fu et al. [8] revealed a range of primary nozzle
outlet diameters at which the ejector operates at its ideal performance. For a desired ER
and CR, Sharifi et al. (2013) examined the influence of main geometric parameters on the
performance of TVC and presented their findings in the form of a number of dimensionless
numbers that allow convenient design [9]. To propose a strategy for estimating geometrical
sizes to enhance the TVC operation, Park [10] suggested that the mixing length of TVC
should be set 5-10 times the diameter of the constant-diameter zone.

Furthermore, Kouhikamali et al. (2012) proposed a range of converging angles for the
mixing section [11]. Sharifi et al. (2013) developed an equation to correlate the ER to the
dimensionless volume and length [9]. Although several studies have investigated TVC
dimensionless parameters in the literature, this paper proposes a new methodology that
obtains the governing parameters by conducting lesser case studies. Previous studies tried
to correlate the performance parameters (capacity, entrainment, etc.) to the dimensions of
various TVCs. By contrast, this paper introduces a methodology based on dimensionless
parameters and a characteristic equation for upscaling purposes by developing an analogy
among all TVCs. Practically, a platform has been proposed in this paper to design different
TVCs, using any given ER, CR, and capacity.

2. Materials and Method
2.1. Setup

A schematic form of a typical TVC is shown in Figure 1. The constant area length (L),
diverging diameter (D;), and diverging length (L;) have almost no impact on the interac-
tions of the subsonic and supersonic inlet streams; therefore, they were not considered for
optimization in TVC design [9].
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Figure 1. A schematic presentation of a typical TVC.

Equations (1) and (2) introduce the entrainment ratio (ER) and compression ratio
(CR) that allow us to quantitively analyze the TVC performance based on the operating
conditions as well as the dimensional parameters:

ER — Msyction (1)

Myotive steam
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CR ()
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where P and m are pressure and mass flow rate. Depending on the TVC operation pa-
rameters, three different states can be hypothesized, namely double-choke, single-choke,
and backflow mode. In a typical TVC, as long as the discharge pressure is less than Prax,
ER remains unchanged, but once the discharge pressure surpasses the Pmax, ER starts to
decrease, leading to backflow initiation. With further discharge pressure increase, the TVC
performance fails, and the flow direction alters. The schematic of TVC performance at
different conditions is shown in Figure 2.

Figure 2. Mach number and various forms of operation mode in the TVC, (a) double-choked, (b)
single-choked, (c) backflow.

2.2. Modeling and Simulation

Conservation laws of mass, energy, and momentum were used as the basis for estab-
lishing the model.

2.2.1. Balance Equations

Conservation equation Equation (3) for compressible fluid was used to model the
behavior of the thermo-compressor and the flow pattern of steam.

10 0
;y(prur) + g(puz) =0 3)

A thermo-compressor model was also developed based on the time-averaged unsteady-state
Navier-Stokes equation Equations (4) and (5) and heat transfer equation Equations (6) and (7).
Due to symmetric geometry, we employed a 2D axisymmetric approach to simulate the
TVC, and the tangential derivations of cylindrical coordinates were skipped [12,13]. The
employed 2D axisymmetric model in this study can be presented as:

P\H oy 2oz ) T Ty TR TR S o\ 022
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The “realizable” k-¢ model was selected to describe the system turbulence as it predicts
an accurate spreading rate of the round jet. Hemidi et al. (2009) proved that over the
whole range of operating conditions, the overall deviation is below 10% for the k-¢ model
Equations (8) and (9), while the accuracy of the k-w-sst model is insignificant [14].

d(px) 9 N He\ oK
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ot + aixi(PSLll) = axj <‘H + % ax] + Ss (9)

where S; and S represent the kinematic energy and turbulent dissipation rate, respectively.

2.2.2. Solution to the Model Equations

The governing equations were discretized by the finite volume method. A second-
order upwind scheme was adopted for spatial discretization of the convection terms
using commercial CFD software package Fluent® 6.3 (Ansys—Canonsburg, PA USA).
The governing partial differential equations were implicitly solved by the pressure-based
implicit coupled method [15]. This segregated solver was used in the simulation, and the
convergence criteria of the iterative solution were ensured by considering the residual of
all variables to be less than 1 x 10~° for both continuity and energy equations.

2.2.3. Boundary Conditions

In this work, boundary conditions such as temperature and pressure were kept fixed
by specifying the pressure inlet for both motive steam and secondary flows. Motive and
low-pressure flows entered the TVC at 200 and 49 (°C) with a pressure of 1260 and 11.6 kPa,
respectively. These boundary conditions are adopted from typical operating conditions of a
TVC in the utility facility of a local power plant. The process was assumed to be adiabatic,
therefore, the output flow, temperature and pressure were calculated based on mass and
energy balance equations. Given the lower operating pressure of the working fluid across
the entire TVC (except for the nozzle head), the steam was assumed to be an ideal gas [16].

2.2.4. Identification of the Main Characteristic Lengths of TVC

Throat diameter of the primary nozzle determines the mass flow rate passing through
the primary nozzle, while the TVC throat diameter controls the total output mass flow.
The output mass flow rate of the primary nozzle was specified based on the capacity of a
conventional MED. The overall mass flow rate of steam (1) through the primary nozzle
was developed by [9]:

i = (8c) (o) a

where 1 is the specific heat ratio, A is the cross-section area, and M is the Mach number.
For the nozzle, the mass flow rate was calculated assuming M = 1 at the nozzle throat. Also
subscript “0” shows the stagnation status of the fluid.
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2.3. Method

First, a series of simulations were performed to investigate the effect of sizing param-
eters of throat diameter or constant diameter zone (D.), mixing zone length (L), inlet
diameter (D;), and mixing zone diameter (D,;) on ER at a fixed CR. Second, the identified
geometrical parameter with the lowest impact on ER was omitted from the proposed model,
and the geometrical parameter with the most significant influence on ER was set to its
optimum value. It should be noted that the effects of the diverging zone, constant diameter
region length, and other sizes were not studied, as they have been proved to be insignificant
factors [9]. The ER property at a fixed boundary condition is affected by their geometrical
parameters. On the other hand, the nozzle diameter dictates the mass flow rate of motive
steam, which provides the propulsion force created by motive steam or the highest possible
CR. Therefore, by defining dimensionless length as the ratio of geometrical parameters to
nozzle diameter, the “ER/CR” ratio can be implicitly formulated.

2.4. Computational Grid

A computational grid for the axisymmetric geometry of a thermo-compressor was
developed by employing a uniform mesh (Figure 3). A grid independency test was per-
formed, and it was observed that by increasing the cell number from 19,000 to 34,700, the
variation of all mass flow rates was less than 0.25%; therefore, the total cell number of
34,700 was used in all the simulation studies. The y* values in the grids near the wall, were
chosen to be 45 < y* < 90 in order to effectively predictwall-fluid tension (wall law) [17].

Figure 3. The grid elements of the simulated TVC.

2.5. Design of Experiments

The design of the experiment has been used twice to find the relative importance of
the employed parameters. The data from analysis of each run were collected, analyzed,
and fit into a second-order polynomial (triple-interaction terms were omitted) followed by
an analysis of variance (ANOVA):

3 3 2 3
Y =+ Z o Xi+ Z K Xlz + Z 2 Ocl']‘XiX]' (11)
i=1 i=1 im1j=it1
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where Y is the response ay, a;, a;; and a;; are the regression coefficients estimated using the
equation for the intercept, linearity, square, and interaction, respectively; and X; and X;
represent the independent variables.

3. Results and Discussion
3.1. Model Validation

To validate the model, the obtained ER results were compared with those published
by Sriveerakul [18]. Figure 4 shows a satisfying consistency in ER results between the
simulation results and those from the experiment and simulation [18] within the double-
choke region. At ER > 35 mbar where single-choke occurs, ER becomes sensitive, and
small instrument errors or changes in back pressure quantity alter the results, therefore,
the results do not live up to the expected outcomes. Nevertheless, the results from the
simulation are also in good agreement with those from Sriveerakul [18]. It should also be
mentioned that the single-choke zone of the performance curve is outside of the scope of
our discussion.
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Ejector back pressure (mbar)

Figure 4. Comparison of the simulated and experimental results demonstrating the changes in ER vs.
discharge pressure. The symbols A and B are the experimental and simulatin values (respectively)
obtained by Sriveerakul et al. [18]. Symbol C represents the values of the current work.

The figure also confirms that for any given ER, the maximum backpressure has less
than 8% error which is further evidence of the validity of the proposed method. Addition-
ally, the simulation results in the proper back-pressure region (back pressure < 35 mbar),
show a significant overlap with those from experiments.

3.2. The Effect of Various Geometrical Parameters on the Performance of TVC

Box-Behnken Design (BBD) was employed to establish a number of simulations to
evaluate the effect of geometrical parameters and to eliminate statistically-insignificant
model terms from the final model. Four factors, including D; (A), D (B), Dy, (C), and L,
(D) were considered, each at three levels, resulting in a total of 29 simulations (Table 1).
The factor levels selected in our modeling study were within a rational range based on
conventional industrial TVC dimensions [17]. Initially, the four mentioned parameters’
effects were analyzed for the discharge pressure of 30 kPa (CR = 2.5), while the size of the
primary nozzle throat was set at 80 mm. Analysis of variance (ANOVA) was performed to
analyze the variables (Table 1) and check for variable significance.
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Table 1. Performed test for ER calculation for specified lengths (CR = 2.5 and primary nozzle

throat = 80 mm); all sizes are in mm.

Run No. TVC Inlet(]ziameter, D; Throat Diam(e];r of TVC, D, x;’irgei()];:‘ Lengztf)\noeji 24;x1ng R
(@) (D)

1 1900 (+1) 600 (0) 800 (0) 4000 (—1) 0.73
2 1825 (0) 600 (0) 700 (—1) 6000 (+1) 0.65
3 1825 (0) 600 (0) 700 (—1) 4000 (—1) 0.63
4 1750 (—1) 500 (—1) 800 (0) 5000 (0) 0.24
5 1900 (+1) 600 (0) 700 (—1) 5000 (0) 0.65
6 1825 (0) 500 (—1) 700 (—1) 5000 (0) 0.43
7 1750 (—1) 700 (+1) 800 (0) 5000 (0) 0.88
8 1900 (+1) 700 (+1) 800 (0) 5000 (0) 0.87
9 1825 (0) 600 (0) 900 (+1) 4000 (—1) 0.73
10 1825 (0) 700 (+1) 900 (+1) 5000 (0) 0.99
11 1750 (—1) 600 (0) 800 (0) 6000 (+1) 0.69
12 1750 (—1) 600 (0) 700 (—1) 5000 (0) 0.65
13 1825 (0) 700 (+1) 800 (0) 4000 (—1) 0.86
14 1825 (0) 500 (—1) 800 (0) 6000 (+1) 0.22
15 1825 (0) 600 (0) 900 (+1) 6000 (+1) 0.58
16 1900 (+1) 600 (0) 800 (0) 6000 (+1) 0.69
17 1825 (0) 700 (+1) 700 (—1) 5000 (0) 0.66
18 1750 (—1) 600 (0) 800 (0) 4000 (—1) 0.73
19 1900 (+1) 500 (—1) 800 (0) 5000 (0) 0.32
20 1825 (0) 500 (—1) 800 (0) 4000 (—1) 0.48
21 (center) 1825 (0) 600 (0) 800 (0) 5000 (0) 0.78
26 1750 (—1) 600 (0) 900 (+1) 5000 (0) 0.73
27 1900 (+1) 600 (0) 900 (+1) 5000 (0) 0.73
28 1825 (0) 700 (+1) 800 (0) 6000 (+1) 0.90
29 1825 (0) 500 (—1) 900 (+1) 5000 (0) 0.33

Table 2 shows the ANOVA table for the truncated form for the analysis. From the
p-value (prob. > F), it was found that the parameter A (TVC inlet diameter) shows a lack of
importance; therefore, it was omitted from the rest of the study. The final quadratic model
with R? > 97% presents reliable ER prediction with significant model terms. From the
analysis of factors, the throat diameter (B) was found to be the most influential parameter
on the TVC performance (maximum F-value), followed by the mixing region inlet diameter
(C) and the mixing length (D). As a result, the inlet diameter (D;) and throat diameter (D)
are the least and most effective lengths, respectively. To further simplify the optimization,
the D, value was set to be on its highest possible value during the rest of study. The D; was
also eliminated from the model during ANOVA analysis.

3.3. Dimensionless Parameters for Scale-Up

Since Dc was identified as the most effective parameter, it was kept at its max value,
D¢ max; and the effect of other parameters was considered for further RSM investigation.
By increasing the primary nozzle throat diameter, the mass flow rate of motive steam and
momentum increase. This increase pushes back the shock wave from constant diame-
ter to diverging zone, preventing single-choke and achieving higher CR. As mentioned
before, D, D and L, are key parameters for ER determination, so is Dy, for the CR. With
the.ultimat.e purpose of scaling up, dimensionless parameters (g—;’;), (é—’t';) and (E%) were
defined as independent factors.
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Table 2. Analysis of variance table for the response model of the quadratic form.
Term * Sum of Squares Mean Square F-Value p-Value Prob > F
Model 1.06 0.10 55.24 <0.0001
A 0.00 0.00 0.24 0.63
B 0.83 0.83 474.92 <0.0001
C 0.02 0.02 9.04 0.01
D 0.01 0.01 8.52 0.01
BC 0.05 0.05 28.50 <0.0001
BD 0.02 0.02 12.44 0.00
CD 0.01 0.01 4.52 0.05
A2 0.01 0.01 6.12 0.02
B2 0.11 0.11 63.30 <0.0001
c2 0.02 0.02 14.04 0.00
D2 0.01 0.01 7.07 0.02
Residual 0.03 0.00
Lack of Fit 0.03 0.002 10,845 <0.0001

* A: TVC inlet diameter; B: Throat diameter of TVC; C: Mixing zone diameter, and D: Length of mixing zone.

In a hypothetical TVC (CR = 3) with given geometric parameters Ly = 1035 mm,
Dy, =106 mm, D,;, = 6000 mm, the highest possible value for D, was calculated (870 mm).
Based on Figure 1, a 3-level miscellaneous design under RSM was adopted (DesignExpert7.0.0.)
and a set of tests with two factors including 8.2 < g—:']; < 11.32 and 47.16 < lg—’t’; < 66.04 was

considered, where the (D%Ch) was kept unchanged at the maximum value 8.2. The minimum

value of (B—;Z) was chosen based on commercial TVCs to keep the angle of the converging
zone higher than zero degree [17]. The maximum values of dimensionless lengths were
selected based on the highest possible value to keep the TVC’s performance within the
double-choke mode. A total of 13 simulations was conducted for different geometric
parameters, and the ER values were investigated accordingly (Table 3).

Table 3. Performed simulation for calculation of ER for the specified dimensionless values (CR = 3),
Dy, =106 mm and f5= =8.2.

Simulation No. (B—:: ( IL):';. ) ER
1 9.76 66.04 0.80

2 8.20 47.16 0.54

3 11.32 47.16 0.84

4 11.32 66.04 0.95

5 8.20 66.04 0.54

6 8.20 56.60 0.54

7 (central) 9.76 56.60 0.77

12 11.32 56.60 0.90

13 9.76 47.16 0.76

The ANOVA was carried out for Table 3 and Equation (12) was developed (R? > 98%.)
to evaluate the ER as a function of dimensionless parameters for CR < 3 and the maximum
value of (l%) = 8.2. Equation (12) represents the characteristic equation for the design and

is used in size calculations and scaling-up.

2
ER = —1.46 + 0.41 x <g’”) ~0.015 x <IL)’”) +0.001 x (W”) —0.020 x (?”) (12)

D2

th th th th

Limitations for the motive steam capacity of 15.62 (kg/s):

{8.2 < (37) <1132 and (,57) < 66.03}
(,%h) —82,CR<3
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In order to increase the capacity, one approach can be to increase the primary nozzle
diameter (Dyy,). This leads to a number of results involving (i) increasing the mass flow of
motive steam that reduces ER, and (ii) shifting the shock position from constant diameter
to the diverging zone. Maintaining the ER at its maximum value (ER;ux = 0.95) and for
different capacities, different levels of dimensionless (1%)’ (EL)—;") and (%) were considered,
and a comparative study was conducted between the obtained simulation results and those
from the characteristic equation Equation (12) (Table 4). In this table, the (DD—;) was kept

at maximum value of 8.2, and different (5—’;), (B—;’I’) and Dy, were tested to compare the

ER values from simulations and those from the characteristic equation. As it is evident,
different TVCs with different parameters, Equation (12) proved to provide a reasonable
approximation of the ER values (error < 3%).

Table 4. The prediction of ER values by the characteristic equation for a wide variety of TVCs—< gf " )
is at the maximum of 8.2.

Primary Primary Nozzle Predicted ER Relati
Test Nozzle Diameter (g—m) ([I;—’") Capacity ER (Simulation) (Characteristic ea 1Xe
th th - A Error (%)
Dy, (mm) (kg-s~1) Equation)
1 106 11.32  66.04 15.6 0.95 0.954 0.42%
2 100 11.20  67.00 13.8 0.94 0.956 1.70%
Dimensionless 3 95 11.00 68.42 12.53 0.94 0.943 0.31%
. 4 90 10.82  72.50 11.21 0.94 0.935 0.53%
parameterstofind 5 84 1071 75.00 9.79 094 0945 0.53%
max 6 80 10.62  77.50 8.88 0.94 0.940 0.00%
7 74 10.58  80.00 7.55 0.95 0.951 0.10%
8 64 10.54 81.20 5.63 0.95 0.949 0.10%
Random 9 100 10 60 13.89 0.82 0.81 1.2%
dimensionless 10 94 10 65 12.55 0.84 0.83 1.1%
parameter values 11 84 10 50 9.79 0.79 0.77 2.5%
(other ER values) 12 74 9 60 7.55 0.71 0.69 2.8%
13 64 9 70 57 0.72 0.7 2.7%

Based on the simulation data (Table 4) the following conclusions were drawn. For
a fixed CRy;4y value and under fixed boundary conditions (temperature and pressure of
both motive and secondary streams), regardless of ER value, the maximum possible ratio

of the TVC’s nozzle diameter to primary nozzle throat diameter (D%Ch) was the constant
max

number 8.2 for all capacities to maintain a proper operation. What it means is that if
82 < l%, the momentum created by motive steam cannot push the oblique shock wave
from the constant diameter to the diverging zone. In this situation, the shock wave moves
from the diverging zone into the TVC's throat, thereby preventing double-choke (Figure 2c).
For any capacity, the allowed values for (ILTZ,) and (B—z) for the application of Equation

(12) are unique. Figure 5a shows the variation of ( o )mx and ( o )mx vs. capacity of

TVC. With the increase in motive steam capacity, more cross-section area is demanded,
resulting in an increase in Bz . As can be seen in Figure 5a, by increasing the capacity
Dtn ) max

of a TVC, the dimensionless length of (ILTTL) decreases. Kouhikamali and Sharifi [11]
max
reported that a low mixing angle leads to increased mixing efficiency and consequently the

ER, which is in agreement with our findings.
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Figure 5. The effect of scale-up on TVC parameters. Variation of (BZ ) and (D” ) vs. motive
max !
steam capacity (a) and mass average turbulence intensity (%) vs. primary nozzle throat diameter (b).

Figure 5b shows the mass average turbulence intensity over the whole TVC vs. the
primary nozzle diameter of TVC. It reveals that by increasing the primary nozzle diameter
(capacity), mass-average turbulence intensity increases, i.e., efficient mixing of supersonic
and subsonic streams. Inversely, with the decrease of Dy, a longer mixing zone is required
to accommodate a proper mixture of the inlet flows to keep ER close to 0.95.

Figure 6 schematically shows the changes in ER as well as the motive steam capacity
(blue spots—collected from Table 4) vs. the changes in D”l and L"’ . At ERy;5x (ER =0.95),
the arrows determine the ranges in which Equation (12) can be used The limitation varies
with the change in capacity.
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Figure 6. The contour of ER and motive steam capacity vs. the dimensionless parameters (CR = 3)—the
determined spots are test numbers from Table 4.

4. Conclusions

TVC was characterized by introducing dimensionless parameters and CFD analysis.
We examined the effect of individual geometrical parameters on entrainment and identified
the insignificant parameters to amend in the follow-up study. In the next step, we defined
three dimensionless parameters that originated from significant parameters determined
during prior studies. Emphasizing on the critical impact of the nozzle throat diameter
on ER, our study showed that among different capacities with identical ER and CR, the
(B—:’; )max ratio is approximately constant. Regardless of the TVC size, the (D%;) should be
kept under its maximum value to avoid compressor malfunction. This allows us to use a
characteristic graph (Figure 6) as a practical tool to design different TVCs for any set of
operating conditions.

Furthermore, the effect of each dimensionless parameter was studied individually at
a constant ER level which shows that by increasing the capacity, (B—Z)mux and the mass
average turbulence intensity increase. Inversely, by lowering the capacity at a constant ER
level (é—:’; )max increases to compensate for the required turbulence for an effective mixture.

Moreover, it is concluded that at constant (ﬁ), if (B—Z’l) and (é—’;) satisfy the characteristic

equation, the TVC of interest can be designecf and scaled-up with less than 3% ER error.
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c Constant area zone
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