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abstract
In the present study, Fluent 6.3, CFD code was applied to study the jet behavior inside the thermal 
vapor compressor. The effects of back pressure on the entrainment ratios and the jet behavior were 
investigated. It was revealed that the effect of the back pressures was due to the air curtain effect 
of the primary jet. The entrainment rate was linearly dependent on the distance from the nozzle 
exit. The displacement effect by the boundary layer thickness could be considered to be negligible. 
The abrupt change in the wall static pressure at the mixing tube or the throat could be used as the 
criteria for well operation and well design.
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1. Introduction

Thermal vapor compressor is the steam ejector. The 
steam ejector consists of a nozzle, a mixing chamber, and 
a diffuser. A jet ejected from a nozzle is called a motive 
fluid or a primary fluid, and an entrained fluid is called 
a secondary fluid. Although they have disadvantages in 
terms of efficiency, steam ejectors seldom break down 
and are able to carry a large capacity of fluid.

Previous studies on ejectors have been concerned with 
the theories of one-dimensional gas dynamics. Keenan 
and Neumann [1] developed a one-dimensional model of 
air ejectors. They confirmed that their theoretical analysis 
results were consistent with experimental results by using 
continuity equation, momentum equation, and energy 
equation. Nicholas et al. [2] proposed appropriate shapes 
of motive nozzles by conducting experimental studies. 
Matsuo et al. [3,4] investigated vacuum characteristics of 
ejectors over a range of primary nozzle Mach numbers 

and throat area ratio. They reveal that optimum area 
ratio exists for each Mach number and that performance 
curves could be classified into five groups. Dutton and 
Carrol [5] conducted a study concerned with choking 
conditions and the performance of ejectors by applying 
a one-dimensional constant sectional-area ejector model 
with respect to the performance improvement of ejectors. 
The results of this study revealed that choking conditions 
are largely dependent upon the temperature ratio and 
specific heat ratio of a primary flow and a secondary flow.

Kim et al. [6] carried out numerical analysis to inves-
tigate the effect of nozzle curvature on the critical flows. 
They found that the discharge coefficient was very sensi-
tive to the curvature radius of critical nozzle, leading to 
the peak discharge coefficient at various radii. Park and 
Kwon [7] investigated the ejector jets focusing on its geo-
metrical parameters that effect on thrust performance by 
both experimental and numerical method. They expected 
that the influence of mixing duct length of ejector was 
helpful in a thrust performance.
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Park et al. [8] designed a TVC (thermal vapor com-
pressor) accurately in a three-stage MED (multi-effect 
desalination) using a numerical analysis method. They 
verified the performances of TVC which was installed in 
a MED pilot plant experimentally. They reported that the 
results of the numerical and experimental studies showed 
good agreements. By performing a numerical analysis 
applying ejectors to refrigeration systems, Yu and Li [9] 
described a novel regenerative ejector refrigeration sys-
tem using the grade thermal energy, such as solar energy 
and waste heat. They showed that simulation results 
revealed that the coefficient of performance increased by 
17.8%. Rusly et al. [10] conducted a flow test which passed 
through a R141b ejector. The effect of ejector structure 
was investigated using a numerical analysis method, and 
the results of CFD(computational fluid dynamics) were 
proven with experimental data. Ji et al. [11] developed a 
numerical model to analyze a single effect thermal vapor 
compression desalination system. They found that the 
system performance decreased when the intake seawater 
temperature differs from the design values and that better 
system performance could be obtained by adjusting mass 
flow of cooling water and that decreasing the cooling wa-
ter flow rate to values lower than the design value could 
lead to a better performance when the intake sea water 
temperature was lower than the design value. Kamali et 
al. [12] summarized the MED-TVC technique associated 
with the state of the art of modern desalination. Addition-
ally they simulated all type of evaporation processes. Du 
et al. [13] conducted performance analyses of water and 
power in a combined power generation system where 
TVC was installed. As a result, the effect of changes in 
steam extraction positions in relation to evaporators on 
jet coefficients was proved. Ji et al. [14] investigated the 
flow inside of TVC in a MED system using CFD. They 
got the effect of the angle of the converging duct on the 
performance of TVC and concluded that the ejector with 
a converging duct angle 1° had the best performance.

In this paper, the CFD technique is used to get the ef-
fect of the discharge pressures on the entrainment ratio. 
The manner in which the jet behavior and flow structures 
influence the TVC performance is discussed. The study 
examines the effect of the mixing tube on the entrainment 
ratio of TVC.

2. Theoretical background

2.1. Performance of TVC

MED with TVC is the most efficient of the thermal 
desalination systems. TVC causes the steam from the 
last effect of MED to be re-used as a heat source for the 
first effect by mixing it with high-pressure steam. The 
performance of MED is represented by GOR (gained 
output ratio), which is defined by the ratio of gross fresh 
water production to the motive steam supplied. GOR 

is directly related to the entrainment ratio (Rm) of TVC, 
which is defined by the ratio of the mass flow of secondary 
flow to the mass flow of the primary fluid. GOR and Rm 
are related by the following relation, as shown in Eq. (1).
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where GOR and Rm are expressed as shown Eq. (2) and 
Eq. (3) respectively. 
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Accurate design and prediction of TVC performance 
are very important to the reliability of sea water desalina-
tion systems. Fig. 1 illustrates a schematic view of pres-
sure and velocity variations in the typical TVC based on 
one-dimensional gas dynamics. A high-pressure steam 
is expanded and accelerated through a nozzle from sub-
sonic to supersonic velocity (i), and is ejected from the 
nozzle (ii). The expanding jet from the nozzle exit brings 
the pressure of the mixing chamber and the whole MED 
system to the vacuum state. Mixing begins at the interface 
between the primary fluid and the secondary fluid. Due 
to the momentum exchange between two fluids, the jet 
velocity retards. Through this mixing process, the second-
ary fluid is accelerated while the major flow is decelerated 
(iii). In the mixing chamber, the primary and the second-
ary fluids mix mo more in the confined wall, and static 
pressure is maintained until they reach the throat (iv). 
The supersonic velocity at the downstream of the mix-
ing chamber results in a normal shock in the irreversible 
process (v). Downstream pressure of the shock wave, P2 
becomes almost two times of the upstream pressure P1 
and velocity V2 reduces suddenly as shown in Eq. (4) and 
Eq. (5). This shock compresses a fluid, and velocity slows 
down from supersonic to subsonic (vi).
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2.2. Numerical method

The flow inside TVC changes from subsonic to super-
sonic velocity in the axi-symmetric coordinate. The grid 
systems were created by Gambit, and Fluent 6.2 was used 
for the flow analysis. The grids were concentrated near 
the walls, where important phenomena were expected 
to occur. The flow inside the TVC was assumed to be 
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compressible and transonic. The turbulent flow was as-
sumed and “Realizable k-ε Model” was adopted. This 
is an improved version of the “Standard k–ε Model.” 
“Realizable k–ε Model” could predict the diffusion of 
jets accurately. Standard wall functions were applied 
to the walls. The primary and secondary streams were 
regarded as ideal gases. Non-linear governing equations 
were discretized into linear equations using the finite 
volume method, and calculated by the coupled implicit 
solver. Pressure boundary conditions were applied to the 
motive steam section, the suction steam section, and the 
discharge steam section, and their corresponding values 
appear in Table 1.

3. Results and discussion

The accuracy of the numerical analyses is dependent 
upon the number of grids. Though more grids lead to 
more accurate numerical results, the grids are limited by 
the capacity of the computer and the computing time. To 
get the appropriate grid system, a grid test was done by 
changing the grid system in 3 regions — the inside nozzle, 
the suction region and the converging and diverging duct. 

Fig. 1. Schematic view and the variation of steam pressure and velocity along a TVC [15].

Table 1
Boundary conditions

Boundary Pressure (atm)

Motive regions 2.66
Suction region 0.163
Discharge region 0.26, 0.28, 0.3, 0.31, 0.32

Fig. 2 illustrates the effect of grid systems on the mass 
flow rates of the motive steam and the suction steam. The 
numbers in Fig. 2 means grid systems at each region. 
Although the mass flow of motive steam was insensi-
tive to the number of grids, mass flow of suction steam 
was sensitive to the number of grids in the converging/
diverging ducts. More grids were concentrated at the 
boundary layer and especially at the mixing layer by 
using the non uniform grid to get the accurate solutions. 
Some distorted grids (sudden changes of grid sizes and 

Fig. 2. Grid refinement test.

Grid system
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the aspect ratio between the neighboring grids) made the 
inaccurate solutions. For grids more than 400 × 70 in the 
converging/diverging duct, the mass flow rate of the suc-
tion steam remains almost constant. In present study, the 
grid system with 400 × 70 grids in converging/diverging 
ducts was selected for the simulation.

In Fig. 3, Chen and Sun’s wave pattern [16] was 
compared with the density contours after the primary 
nozzle. The nozzle outlet Mach number is 2.5. The flow 
structure inside the TVC was revealed using an optical 
flow-visualization method. The holographic interfero-
gram of an air-ejector shows that diamond-like shock and 
expansion waves are repeatedly generated at the exit of 
the nozzle. Fig. 3 reveals that the shape of constant density 
lines shows a series of beads. The present computational 
approach simulates the shock and expansion waves ac-
curately inside the TVC. The dramatic density change at 
the downstream was thought to be normal shock.

Fig. 4 shows stream-lines of a primary fluid and a sec-
ondary fluid. This figure shows that the primary fluid and 
the secondary fluid are moving toward the downstream 
in a manner almost parallel to the outer wall despite the 
presence of the density gradient, and that the density 
gradient does not disturb the flows. It was near normal 
shock where the flows were affected by the presence of 
density gradient.

Discharge pressures were changed in order to inves-
tigate the effect of back pressure on the entrainment ratio 
and the flow structure inside TVC. The effect of back 
pressure on the entrainment ratio is shown in Fig. 5. Con-
sistent with previous studies, the entrainment ratio was 
predicted as almost constant below the MDP (maximum 
discharge pressure).

To investigate the effect of discharge pressures on the 
entrainment ratios, the gradients of the axial velocities 
are plotted in Fig. 6. By plotting the gradients of the axial 

Fig. 3. Comparison of wave pattern.

(a) By Chen and Sun’s holographic interferogram  (b) Density patterns by numerical calculation

Fig. 4. Stream lines of primary and secondary steams.

Fig. 5. Effect of suction pressures on entrainment ratio.

velocity, the development of boundary layers (thin shear 
layer) along the walls and the spreading of the mixing 
layer (thick shear layer) generated at the interface of the 
jet and jet behaviors could be identified. Fig. 6 shows 
that due to the entrainment of the secondary fluid, the 



252  K.M. Yang et al. / Desalination and Water Treatment 33 (2011) 248–254

thickness of the mixing layer increases. Finally, the mixing 
layer reaches the wall, and the entire flow field is filled 
out by the jet. The mixing layer has a conical shape. The 
boundary layers are developing along the walls by the 
flow of secondary fluid. The developing boundary layer 
thickness inside TVC is different when it is compared 
with the other internal flow. The boundary layer develops 
on the outer wall, and the boundary layer thickness is 
increased. As the jet entrains the surrounding fluid, the 
flow rate of secondary fluid between the mixing layer and 
the boundary layer becomes smaller and smaller, and the 
thickness of boundary layer becomes thinner and thinner. 
Finally, the boundary layer disappears, which means that 
the suction steam is entrained into the jet completely.

As shown in Fig. 5, the entrainment ratios on the 
points A, B, C where discharge pressures were under 
MDP were almost constant, and the mass flow of the mo-
tive steam and the secondary fluid inside TVC became 
nearly constant. This means that the jet completely fills 
the flow field of the mixing tube section. The jet behaves 
like an air curtain, which prevents the discharge pressures 
from affecting the secondary fluid at the upstream. At the 
points A, B, and C the interface area where the entrain-
ment occurs is almost constant; therefore, the entrainment 
ratio and the secondary fluid flow rate are also constant.

Fig. 6. Jet behaviors of the motive steam due to the discharge 
pressure.

At the points D and E (points more than MDP), dis-
charge pressures block the jet flow, shortening the length 
of the jet and spreading it. The interface where the jet 
entrains the secondary fluid was decreased in a linear 
manner, to the extent of the reduced length of the jet. This 
means that the entrainment rate might be linearly depen-
dent on the length of the jet (the axial distance from the 
nozzle exit). Rajarathan [17] reported that the volumetric 
flux at any axial direction flow was linearly dependent 
on the axial distance from the nozzle exit. It can thus be 
seen that the spreading angle of the mixing layer into the 
secondary fluid was bigger than the spreading angle into 
the jet core. Fig. 6 shows that at the upstream, where the 
mixing layer meets the wall, the boundary layer thickness 
disappears. This means that it is not necessary to consider 
the displacement thickness by the boundary layer in the 
design of TVC.

To get the appropriate shape for TVC, the geometric 
data of the mixing tube and the throat were varied, as 
shown in Fig. 7. The representative TVC geometric data 
and operating conditions can be seen in Table 2. In order 
to determine the effect of the length of the mixing tube on 
performance, the length of the mixed tube was changed 
in the range of ±10%, while the total length of TVC and 
other geometric parameters were fixed. The effect of the 
length of a mixed tube on the mass flow of motive and the 
suction steam is compared in Fig. 8. Though the length 
of a mixing tube was increased, the mass flow of motive 
steam remained constant. However, when the length of 
the mixed tube was 7425 mm (inappropriate design) the 
suction steam flow rate was less than in the other cases.

The static pressure distributions along the wall are 
displayed in Fig. 9. Also, in this figure the positions of 
constant area (throat) are plotted. When the length of a 
mixed area was 7425 mm (inappropriate design), the wall 

Fig. 7. Schematic view of outside contours of TVC and the definition of geometry.

Table 2
Typical geometric data of TVC and operating conditions

Converging duct × 
mixing tube × diffuser 

Operating pressures (atm)

3375.4 ×6750 × 9875.6 Motives Suction Discharge
2.66 0.163 0.3
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pressure was about 2 times higher than the appropriate 
cases at the mixing tube and the throat. These changes of 
the wall static pressure at the mixing tube could be used 
as indicators of the design criterion. When the design of 
the shape was appropriate (length of mixed area: 6750, 
6075), the static pressure was monotonously increased 
along the wall and changed steeply. A greater increase in 
pressure led to a decrease of suction steam in the mixing 
tube and a lower mixing rate of suction steam. However, 
when design was inappropriate, the static pressure in the 
mixed area remained high. This was due to the effect of 
the converging duct angle on the entrainment ratio.

4. Conclusions

In this study, the axial symmetry flow inside TVC, 
which is applied to MED seawater desalination equip-
ment, was analyzed using Fluent 6.2. The flow was as-
sumed to be a compressible turbulent flow, and pressure 
boundary conditions were applied to it. The results of the 

calculation revealed that back pressure affects the perfor-
mance of TVC; furthermore, if back pressure is smaller 
than MDP, the entrainment ratio is constant regardless 
of back pressure, and the flow structure of the jets inside 
TVC remains the same. This effect could be likened to 
the primary steam acting as an air curtain, which causes 
the state of the suction steam to remain independent of 
the back pressures.

It is not necessary to consider displacement thick-
ness in the design of TVC. The mixing layers of jets were 
widely spread into the secondary fluid, and the thickness 
of the mixed layers was changed in a linear manner. The 
entrainment ratio and the entrain rate could be calculated 
based on the linearly relation of the distance from the 
nozzle exit. The numerical analysis could be used as a 
design supplement method when designing a TVC.

Symbols

GOR — Gain output ratio
k — Specific heat ratio

dm�  — Mass flow rate of discharge steam, kg/s
pm�  — Mass flow rate of primary stream, kg/s
sm�  — Mass flow rate of suction stream, kg/s
tm�  — Total mass flow rate of, kg/

n – Number of effects
Rm — Entrainment ratio (see Eq. (3))
P — Pressure, Pa
V — Velocity, m/s
ρ — Density, kg/m3

Subscripts

1 — Upstream of the shock
2 — Downstream of the shock
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