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Abstract 

 

Numerical Study for the Performances of 

Thermal Vapor Compressor  

Under Various Conditions 

 
Hoonsik Lee 

Mechanical and Aerospace Engineering 

The Graduate School 

Seoul National University 

 

 Many previous researches have attempted to associate the complex flow 

structures with the performances of Thermal Vapor Compressor (TVC) 

through ‘Effective Area’ concept. However, the Effective Area concept is 

ambiguous among the previous researchers and it is only used to analyze the 

performances qualitatively due to difficulty of calculating the Effective Area. 

 In this present study, two quantitative data, Effective AR and Secondary AR, 

are firstly introduced to explain the flow structures in TVC and clarify the 

relationship between flow structures and the performances under various 

conditions. Through two quantitative data, it indicates that the geometrical 

characteristics of flow structures in TVC are greatly affected to the 
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performances. As Effective AR increases, the entrainment ratio on design 

condition (Critical ER) is increased proportionally. It implies that the choked 

regions of the primary and secondary flow are directly related to the 

performances. Meanwhile, as Secondary AR increases, the velocity 

distribution of the secondary flow is decreased. This changes the momentum 

difference between the primary flow and the secondary flow and the mixing 

effect in shear layer is also greatly changed.  

 With two quantitative data, five parameters which were highly sensitive to 

the performances of TVC, are derived in the results of the parametric study. 

Based on the parametric study, a design optimization of TVC can be 

conducted. However, the non-linear characteristics of TVC performance curve 

make it difficult to the design optimization of TVC. Therefore, there is a 

further need for a flow analysis of off-design condition before design 

optimization of TVC. 
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Chapter 1 

Introduction 

 

1.1 Background 

 Recently, water shortage has become more serious from year to year with 

increasing in population and water consumption due to rapid industrialization. 

Also, water consumption will be continuously increased due to expanding 

economy and industrial development. Therefore, there is need for technology 

to secure water resources to solve water shortage. Desalination technology is 

getting the spotlight to solve water shortage by desalinating seawater that is 

present in the world indefinitely. 

Desalination technology is typically divided into Thermal desalination 

method (e.g. Multiple Effect Distillation(MED), Multi-Stage Flash(MSF)) and 

Membrane-based method(e.g. Reverse Osmotic(RO), Electro Dialysis(ED)). 

Recently, the global desalination market has been expanding to reverse 

osmotic technology that is highly efficient, but the thermal desalination 

method is still dominant in the Middle East such as Gulf Council countries. 

Thermal desalination plant is generally composed of multiple desalination 

devices as Fig. 1. The operation principle of thermal desalination plant is as 

follows. First, the saturated steam is passed through the tube and the seawater 

is sprayed inside the effect. 
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Figure 1. Schematic diagram of MED-TVC 

 

Then, through the heat exchanges between the pipe and the effect, the 

sprayed seawater evaporates and becomes saturated steam, which is used to 

evaporate the sprayed seawater on the next effect. At this time, the saturated 

steam inside the pipe condenses into fresh water and the remaining seawater is 

discharged along the brine line. The temperature and pressure of evaporated 

steam are gradually lowered as passing through several effects, so the 

efficiency of evaporation gradually decreases.  

To overcome these shortcomings, Thermal Vapor Compressor (TVC) is 

used to increase the efficiency of the MED desalination plant. In the same 

way as ejector, TVC is simple to operate and easy to maintain because it has 

simple structures and no moving parts unlike pumps. In Fig. 2, TVC is 

composed of five components: Primary nozzle, Secondary flow chamber, 

Mixing section, Constant area section, Diffuser section.  

The operation principle of TVC is same as that of the ejector. The primary 

steam with high pressure and temperature injects into mixing section through  
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primary nozzle. At this point, the primary steam induces the secondary steams 

through two effects. First, the pressure of the primary nozzle outlet is 

decreased by the nozzle theory and secondary steam with low pressure and 

temperature is entrained by the pressure difference between secondary flow 

chamber and primary nozzle outlet (Pressure-driven effect). Second, the 

primary steam and the secondary steam start to mix inside mixing section and 

mixing is completed in constant area section (Mixing effect). The secondary 

steam is entrained additionally and re-pressurized through the mixing process. 

At the end of the mixing process, the mixed steam is discharged to diffuser 

section in accordance with diffuser pressure. 

Meanwhile, the performances of TVC are given by Entrainment Ratio 

(ER = �̇�𝑠/�̇�𝑝) which is defined as the ratio of the secondary mass flow rate 

to the primary mass flow rate and Compression Ratio (CR = Pd/Ps) which is 

defined as the pressure ratio of diffuser section to secondary chamber. Most of 

all, the entrainment ratio is the most important performance in preliminary 

design state of desalination plant, because the entrainment ratio is directly 

Figure 2. The geometry of TVC 
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Figure 3. Relation between entrainment ratio of TVC and  

expectable capacity in each desalination unit 

 

related to the overall efficiency of a desalination plant as depicted in Fig. 3, 

which explains the relation between expectable desalination capacity in each 

stage and entrainment ratio of TVC. Thus, it is important for predicting 

entrainment ratio accurately and improving entrainment ratio is one of top 

priorities in desalination engineering field. However, the complex flow 

phenomenon of TVC such as shock train, shear layer and phase changing 

process make it difficult to predict entrainment ratio accurately and robustly. 

So far, many researches have been conducted theoretically and numerically to 

analyze flow structures in TVC and predict entrainment ratio. B.J Huang et al. 

[1] studied an algorithm to determine shapes of the ejector in order to satisfy 
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the required entrainment ratio under various pressure and temperature 

conditions by combining one-dimensional aerodynamics equations. T. 

Sriveerakul et al. [2,3] compared the numerical results with the experimental 

results of entrainment ratio and explained qualitatively the flow structures 

under various conditions. A. Hemidi et al. [4] analyzed the relationship 

between local flow and global operation within TVC through a comparative 

study of turbulence models. Also, many researchers have studied qualitatively 

the relationship between geometry parameters and performance through 

‘Effective area’ concept using CFD [5-7].  

Recently, many studies have been carried out to consider the condensation 

phenomenon inside the TVC. Sharifi et al. [8] improved the non-physical 

phenomenon that occurred in single phase flow by applying the nucleation 

model. Also, Min et al. [9] predicted the experimental results of entrainment 

ratio accurately and efficiently using multi-phase flow computations and 

investigated the influence on local flow physics affecting the entrainment ratio. 

Although many studies have been carried out to understand complex 

physical characteristics of TVC and predicted the entrainment ratio exactly, it 

is necessary to investigate quantitatively the effect of the flow structure on the 

performances of TVC under various conditions. 

 

1.2 Outline of thesis 

 The objective of this thesis is to analyze the flow structures in TVC and 

understand the relationship between the flow structures and entrainment ratio 

quantitatively. To do this, quantitative data based on flow physics in TVC are 
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firstly introduced. Then, the flow structures and the performances of TVC are 

analyzed by quantitative data under various conditions. Based on this, design 

parameters with high sensitivity to performance are derived through a 

parametric study and provide the basis of design optimization of TVC.  
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Chapter 2 

Numerical Method 

 

2.1 Governing equations for multi-phase flows 

In this paper, the homogeneous mixture model that uses mass fraction is used 

as governing equations to describe two-phase flow. In homogeneous model, 

properties of each cell are regarded as a mixture which has some average 

value of each component considering the mass fraction for each phase. 

Through this assumption, the governing equations are composed of three 

conservation equations (continuity, momentum, energy equations) for mixture 

with a one phase mass-conservation law. In addition, the nucleation model is 

used as a phase-changing model by introducing the conservation law for the 

droplet number density.  

The governing equations are expressed as an integral form consisting of 

control volume Ω and control Surface ∂Ω in Eq. (2.1) 

 

∂

𝜕𝜏
∫𝑸𝑑Ω 

 

Ω

+ ∮ [(𝑭𝒄 − 𝑭𝒗)
 

𝜕Ω

∙ 𝒏]𝑑𝑆 =  ∫ 𝑺𝑑Ω
 

Ω

 (2.1) 

 

Where, Q is conservative variable vector, 𝐅𝐜 is convective flux tensor, 𝐅𝐯 is 

viscous flux vector flux tensor and S is phase-changing source vector.  
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𝐐 = [ρm ρmu ρmv ρmw ρmEt ρmY1 ρmη] 

 

Fc =

[
 
 
 
 
 
 

ρmu ρmv ρmw

𝜌𝑚𝑢2 + 𝑝 ρmuv ρmuw

ρmuv 𝜌𝑚𝑣2 + 𝑝 ρmvw

ρmuw ρmvw 𝜌𝑚𝑤2 + 𝑝
ρmuH ρmvH ρmwH
ρmuY1 ρmvY1 ρmwY1

ρmuη ρmvη ρmwη ]
 
 
 
 
 
 

 ,   Fv =

[
 
 
 
 
 
 

0 0 0
𝜏𝑥𝑥 𝜏𝑦𝑥 𝜏𝑧𝑥

𝜏𝑥𝑦 𝜏𝑦𝑦 𝜏𝑧𝑦

𝜏𝑥𝑧 𝜏𝑦𝑧 𝜏𝑧𝑧

𝜃𝑥 𝜃𝑥 𝜃𝑥

0 0 0
0 0 0 ]

 
 
 
 
 
 

 

(2.2) 

 

Where, ρm, 𝑝, 𝐸𝑡 , 𝐻  and (u, v, w) indicate mixture density, pressure, total 

energy, total enthalpy and velocity vector respectively. Mixture density(ρm) 

and mixture enthalpy(hm) are calculated with Y1 

 

1

𝜌𝑚
=

1 − Y1

𝜌𝑙
+

𝑌1

𝜌𝑣
  (2.3) 

hm = ℎ𝑣𝑌1 + ℎ𝑙(1 − 𝑌1) (2.4) 

 

Where, subscripts v and l are defined as vapor and liquid phase. 

Also, 𝜃𝑥, 𝜃𝑦, 𝜃𝑧 is defined as 

 

𝜃𝑥 =  𝑢𝜏𝑥𝑥 + 𝑣𝜏𝑥𝑦 + 𝑤𝜏𝑥𝑧 + 𝑞𝑥 

𝜃𝑦 = 𝑢𝜏𝑦𝑥 + 𝑣𝜏𝑦𝑦 + 𝑤𝜏𝑦𝑧 + 𝑞𝑦 

𝜃𝑧 = 𝑢𝜏𝑧𝑥 + 𝑣𝜏𝑧𝑦 + 𝑤𝜏𝑧𝑧 + 𝑞𝑧 

(2.5) 

 

Here, τ represents viscous tensor, which is assumed as Newtonian fluid in 

Eq. (2.6) 

τij = 𝜇 ( 
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
−

2

3

∂uk

 𝜕𝑥𝑘
𝛿𝑖𝑗  ) (2.6) 

 

Where, μ  is molecular viscosity coefficient which consists of mixture 
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laminar viscosity and turbulent viscosity based on eddy viscosity hypothesis 

of Boussinesq. 

A heat flux, qi is computed by Fourier’s law. 

  

qi = −𝑘
𝜕𝑇

𝜕𝑥𝑖
 (2.7) 

 

Where, k is thermal conductivity coefficient. 

Meanwhile, since IAPWS-97 model adopted as the equation of states in this 

paper calculates the thermodynamics properties as a function of pressure and 

temperature, the governing equations are transformed from the conservative 

form to the primitive form. Thus, the governing equations of primitive form is 

organized as, 

 

Γ
∂

𝜕𝜏
∫ 𝑸𝒑𝑑Ω

 

Ω

+ ∮ [(𝑭𝒄 − 𝑭𝒗) ∙ 𝒏]𝑑𝑆 =  ∫ 𝑺
  

Ω 

𝑑Ω
 

𝜕Ω

  

Qp = [p u v w T Y1 η]T , Γ =
∂Q

𝜕𝑄𝑝
 

(2.8) 

 

2.2 Spatial discretization method 

2.2.1 AUSMPW+_N scheme 

There are many physical phenomenon related to shock wave such as shock 

train and shock-shear layer interaction in TVC. In this study, AUSM-type 

scheme is adopted to deal with problems including strong shock wave [10]. 

In the meantime, AUSM-type schemes have been studied extensively. Kim et 

al. [11] developed the AUSMPW+ scheme to solve numerical oscillation 

problems in the AUSM+ scheme, which occur across a strong shock and near 
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a wall. Also, Ihm et al. [12] made it possible to apply the AUSMPW+ scheme 

in multi-phase computations. However, the original multi-phase AUSMPW+ 

scheme produces inaccurate numerical dissipation in problems with abrupt 

density changes between gas and liquid phases. Therefore, AUSMPW+_N 

scheme available to apply general EOS at all-speeds, is used in this study [13]. 

 In AUSMPW+_N scheme, the numerical flux at a cell-interface is defined by 

 

E1/2 = �̅�L
+𝑐1/2𝑄𝐿 + �̅�𝑅

−𝑐1/2𝑄𝑅 + �̅�𝐿
+𝑃𝐿 + �̅�𝑅

−𝑃𝑅 (2.9) 

 

Where, subscripts L,R represent left and right state at cell interface 

respectively. c1/2  is a speed of sound at cell interface, which is calculated 

from the density-weighted averages of the left and right values. 

 Each term of Eq. (2.9) is evaluated as follows.  

 

For M1/2(=  𝑀𝐿
+ + 𝑀𝑅

−) ≥ 0, 
 

{
�̅�𝐿

+ = 𝑀𝐿
+ + 𝑀𝑅

−[(1 − 𝜔)(1 + 𝑓𝑅
′) − 𝑓𝐿

′]
 

�̅�𝑅
− = 𝑀𝑅

−𝑤(1 + 𝑓𝑅
′)

 

 

For M1/2 < 0, 
 

{
�̅�𝐿

+ = 𝑀𝐿
+𝑤(1 + 𝑓𝐿

′)
 

�̅�𝑅
− = 𝑀𝑅

− + 𝑀𝐿
+[(1 − 𝜔)(1 + 𝑓𝐿

′) − 𝑓𝑅
′]
 

 

(2.10) 

 
 

M±  = {
±0.25(𝑀 ± 1)2       𝑖𝑓 |𝑀| ≤ 1

 
0.5(𝑀 ± |𝑀|)          𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 (2.11) 

 

Pressure-based weighted function ω is evaluated by 
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ω = max (ω1, ω2) (2.12) 

ω1 = 1 − Π1/2
∗∗ 3

 (2.13) 

ω2 = 1 − (
min(�̅�1,𝐿

∗ , �̅�1,𝑅
∗ , �̅�2,𝐿

∗ , �̅�2,𝑅
∗ )

max(�̅�1,𝐿
∗ , �̅�1,𝑅

∗ , �̅�2,𝐿
∗ , �̅�2,𝑅

∗ )
)

2

 
(2.14) 

 

Pressure-based weighted function f𝐿,𝑅
′  is defined as, 

fL,R
′ = (

�̅�𝐿,𝑅
∗

�̅�𝑆
∗ − 1) × (1 − ω2) 

(2.15) 

 

Here, Ps
∗ = 𝑃𝐿

+𝑃𝐿 + 𝑃𝑅
−𝑃𝑅 + 0.5ρ1/2𝑐1/2

2    

The Shock-discontinuity-sensing term (SDST) Π1/2
∗∗  , the most important 

term for controlling the numerical dissipation in AUSMPW+_N scheme, is 

computed as follows,  

Π1/2
∗∗ = min(

�̅�𝐿
∗

�̅�𝑅
∗ ,

�̅�𝑅
∗

�̅�𝐿
∗) 

(2.16) 

 

Here, leveled local pressure �̅�𝐿,𝑅
∗ = 𝑃𝐿,𝑅 + min(𝜌𝐿 , 𝜌𝑅) 𝑐1/2

2    

Pressure splitting function P± is defined as 

𝑃±  = {
0.25(𝑀 ± 1)2(2 ∓ 𝑀) ± 𝛼𝑀(𝑀2 − 1)2      𝑖𝑓 |𝑀| ≤ 1

 
 0.5(1 ± 𝑠𝑖𝑔𝑛(𝑀))                                             𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 
(2.17) 

 

Here, α = 3/16 

 

2.2.2 Compact scheme for viscous flux 

Viscous flux is discretized using second order central differencing. In Eq. 

(2.18), there are two types of derivative components: the non-cross derivative 

components and the cross derivative components and each type is discretized 

in different ways. 
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∂

𝜕𝜉
(𝛼

𝜕𝑞

𝜕𝜉
) : Non-cross derivative components 

∂

𝜕𝜉
(𝛼

𝜕𝑞

𝜕𝜂
) : Cross derivative components 

(2.18) 

 

The non-cross derivative components are discretized using following three-

point formula. 

 

∂

𝜕𝜉
(𝛼

𝜕𝑞

𝜕𝜉
)
𝑖,𝑗,𝑘

=
αi+1,j,k + αi,j,k

2
(qi+1,j,k − 𝑞𝑖,𝑗,𝑘)

− 
αi,j,k + αi−1,j,k

2
(qi,j,k − 𝑞𝑖−1,𝑗,𝑘) 

(2.19) 

 

However, the cross derivative components are discretized using the 

following nine-point formula. 

∂

𝜕𝜉
(𝛼

𝜕𝑞

𝜕𝜂
)
𝑖,𝑗,𝑘

= 
αi+1,j,k + αi,j,k

8
[(qi+1,j+1,k − 𝑞𝑖,𝑗+1,𝑘)

− (𝑞𝑖+1,𝑗−1,𝑘 − 𝑞𝑖,𝑗−1,𝑘)]  

−
αi,j,k + αi−1,j,k

8
[(qi,j+1,k − 𝑞𝑖−1,𝑗+1,𝑘)

− (𝑞𝑖,𝑗−1,𝑘 − 𝑞𝑖−1,𝑗−1,𝑘)] 

(2.20) 

 

2.3 Time integration method 

In this study, LU-SGS time integration method is adopted, which is firstly 

proposed by Yoon et al. [14]. Since LU-SGS time integration method 

performs matrix computations only with scalar computations, it has the 

advantages of reducing data storage and computational cost significantly.  

The governing equations transform from integral form to differential form, 
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Γ

𝐽

𝜕𝑄𝑝

𝜕𝜏
+

𝜕𝐸

𝜕𝜉 
+

𝜕𝐹

𝜕𝜂 
+

𝜕𝐺

𝜕𝜁
=

𝜕𝐸𝑣

𝜕𝜉 
+

𝜕𝐹𝑣

𝜕𝜂 
+

𝜕𝐺𝑣

𝜕𝜁
+ 𝑆 (2.21) 

 

Here, 
Γ

J

∂Qp

𝜕𝜏
 is pseudo-time derivative term, 

∂X

∂β
 (X = E, F, G / β = ξ, η, ζ ) is 

convective flux term and 
∂Xv

∂β
 (X = E, F, G / β = ξ, η, ζ ) is viscous flux term. 

Each term is differentiated as follows. 

 

<Pseudo-time derivative> 

Γ

𝐽

𝜕𝑄𝑝

𝜕𝜏
≈

ΓΔQp

𝐽Δ𝜏
 (2.22) 

<Convective flux term> 

∂

𝜕𝜉
(𝐸𝑛+1) ≈

∂

𝜕𝜉
(𝐸 + 

𝜕𝐸

𝜕𝑄𝑝

]

n

Δ𝑄𝑝) =
∂En

𝜕𝜉
+ ∂ξApΔQp  

∂

𝜕𝜂
(𝐹𝑛+1) ≈

∂

𝜕𝜂
(𝐹 + 

𝜕𝐹

𝜕𝑄𝑝

]

n

Δ𝑄𝑝) =
∂Fn

𝜕𝜂
+ ∂𝜂𝐵𝑝ΔQp 

∂

𝜕𝜁
(𝐺𝑛+1) ≈

∂

𝜕𝜁
(𝐺 + 

𝜕𝐺

𝜕𝑄𝑝

]

n

Δ𝑄𝑝) =
∂𝐺n

𝜕𝜁
+ ∂𝜁𝐶pΔQp 

(2.23) 

<Viscous flux term> 

∂

𝜕𝜉
(𝐸𝑣  

𝑛+1) ≈
∂

𝜕𝜉
(𝐸𝑣 + 

𝜕𝐸𝑣

𝜕𝑄𝑝

]

n

Δ𝑄𝑝) =
∂E𝑣 

n

𝜕𝜉
+ ∂ξAv,pΔQp  

∂

𝜕𝜂
(𝐹𝑣  

𝑛+1) ≈
∂

𝜕𝜂
(𝐹𝑣 + 

𝜕𝐹𝑣

𝜕𝑄𝑝

]

n

Δ𝑄𝑝) =
∂Fv 

n

𝜕𝜂
+ ∂𝜂𝐵𝑣,𝑝ΔQp 

∂

𝜕𝜁
(𝐺𝑣

𝑛+1) ≈
∂

𝜕𝜁
(𝐺𝑣 + 

𝜕𝐺𝑣

𝜕𝑄𝑝

]

n

Δ𝑄𝑝) =
∂𝐺𝑣  

n

𝜕𝜁
+ ∂𝜁𝐶v,pΔQp 

(2.24) 

 

Based on this differentiated term, the governing equation is re-expressed as 
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ΓΔQp

𝐽Δ𝜏
+ ∂ξApΔQp + ∂𝜂𝐵𝑝ΔQp + ∂𝜁𝐶pΔQp

− ∂ξAv,pΔQp − ∂𝜂𝐵𝑣,𝑝ΔQp − ∂𝜁𝐶v,pΔQp

= −
∂En

𝜕𝜉
−

∂Fn

𝜕𝜂
−

∂𝐺n

𝜕𝜁
+

∂E𝑣  
n

𝜕𝜉
+

∂Fv 
n

𝜕𝜂
+

∂𝐺𝑣 
n

𝜕𝜁
+ S 

(2.25) 

 

The right-hand term of Eq. (2.25) can be summarized by the RHS and then 

Eq. (2.25) is simplified as, 

 

[
𝐼

𝐽Δ𝜏
+ 𝜕 𝜉�̃�𝑝 + 𝜕𝜂�̃�𝑝 + 𝜕𝜉�̃�𝑝 − 𝜕𝜉�̃�𝑣,𝑝 − 𝜕𝜉�̃�𝑣,𝑝 − 𝜕𝜉�̃�𝑣,𝑝] ΔQp = Γ−1𝑅𝐻𝑆 

�̃�𝑝 = Γ−1𝐴𝑝 

(2.26) 

 

By applying Lower-upper factorization, 

LD−1𝑈Δ𝑄𝑝 = Γ−1𝑅𝐻𝑆 

𝐷 = [
1

𝐽Δτ
+ 𝛼(|𝜆�̃�|𝑚𝑎𝑥 + |𝜆�̃�|𝑚𝑎𝑥 + |𝜆�̃�|𝑚𝑎𝑥)2(𝜆max

𝑣,𝑡ℎ𝑖𝑛|𝑖 + 𝜆max
𝑣,𝑡ℎ𝑖𝑛|𝑗 + 𝜆max

𝑣,𝑡ℎ𝑖𝑛|𝑘   )] 𝐼 

 

𝐿 = 𝐷 + �̃�𝑖−1,𝑗,𝑘
+ + �̃�𝑖,𝑗−1,𝑘

+ + �̃�𝑖,𝑗,𝑘−1 
+ + 𝜆max

𝑣,𝑡ℎ𝑖𝑛|𝑖−1,𝑗,𝑘 + 𝜆max
𝑣,𝑡ℎ𝑖𝑛|𝑖,𝑗−1,𝑘 + 𝜆max

𝑣,𝑡ℎ𝑖𝑛|𝑖,𝑗,𝑘−1 

 

𝑈 = 𝐷 − �̃�𝑖+1,𝑗,𝑘
− − �̃�𝑖,𝑗+1,𝑘

− − �̃�𝑖,𝑗,𝑘+1 
− − 𝜆max

𝑣,𝑡ℎ𝑖𝑛|𝑖+1,𝑗,𝑘 − 𝜆max
𝑣,𝑡ℎ𝑖𝑛|𝑖,𝑗+1,𝑘 − 𝜆max

𝑣,𝑡ℎ𝑖𝑛|𝑖,𝑗,𝑘+1 

(2.27) 

 

Where, �̃�𝑖,𝑗,𝑘
± =

1

2
(�̃� ± 𝜅|𝜆�̃�|𝑚𝑎𝑥)  is flux jacobian matrix. 

 

2.4 Turbulence model  

Since the main operating principle of the TVC is based on the mixing 

process, it is important to employ an adequate turbulence model. In this study, 

𝑘 − 𝜔 𝑆𝑆𝑇 model, which is introduced by Menter et al. [15], is presented.  

 Menter’s 𝑘 − 𝜔 𝑆𝑆𝑇 turbulence model consists of two transport equations 
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based on the turbulent kinetic energy (k) and the dissipation rate (𝜔). These 

equations is added to the original governing equations and computed 

simultaneously. 𝑘 − 𝜔 𝑆𝑆𝑇  model is to combine transformed k − ϵ 

turbulence model and 𝑘 − ω turbulence model and the effect of each model 

is evaluated through the blending function.  

The two additional turbulence model equations are as follows.  

 

𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌𝑘𝑢𝑗)

𝜕𝑥𝑗

= �̃� − 𝛽𝑇
∗𝜌𝜔𝑘 +

𝜕

𝜕𝑥𝑗

[(𝜇 + 𝜎𝑘𝜇𝑡)
𝜕𝑘

𝜕𝑥𝑗

]

 
𝜕(𝜌𝜔)

𝜕𝑡
+

𝜕(𝜌𝜔𝑢𝑗)

𝜕𝑥𝑗

= 𝜌
𝐶𝜔

𝜇𝑡

𝑃 − 𝛽𝑇𝜌𝜔2 +
𝜕

𝜕𝑥𝑗

[(𝜇 + 𝜎𝜔𝜇𝑡)
𝜕𝜔

𝜕𝑥𝑗

] + 2𝜌(1 − 𝐹1)𝜎𝜔2

1

𝜔

𝜕𝑘

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗

   

 (2.28) 

 

Each term is defined as follows. 

 

�̃� = min(𝜏𝑖𝑗
𝐹𝑆𝑖𝑗 , 10𝛽𝑇

∗𝜌𝑘𝜔) 

(2.29) 

τij
F = 2μT𝑆𝑖𝑗 −

2

3
𝜇𝑇

𝜕𝑢𝑖

𝜕𝑥𝑖

𝛿𝑖𝑗 −
2

3
𝜌𝑘𝛿𝑖𝑗 

μT =
a1ρm𝑘

max(𝑎1𝜔, 𝐹2√2𝑆𝑖𝑗𝑆𝑖𝑗)
  

Sij =
1

2
(
𝜕𝑢𝑖

𝜕𝑥𝑗

+
𝜕𝑢𝑗

𝜕𝑥𝑖

 ) 

The coefficient of k − ω SST  turbulence model (βT, Cω, σK, σω)  is 

determined by blending function (F1) 

 

𝜙 = 𝐹1𝜙1 + (1 − 𝐹1)𝜙2 (2.30) 

 

Here, ϕ1, ϕ2 denote the coefficient of 𝑘 − 𝜔 and 𝑘 − 𝜖 turbulence model 

respectively. 

The coefficients for each model are given as follows. Subscript 1 and 2 

represent 𝑘 − 𝜔 and 𝑘 − 𝜖 model respectively. 
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𝛽𝑇1 = 0.075  𝐶𝜔1 = 5/9  𝜎𝐾1 = 0.85 𝜎𝜔1 = 0.5     
𝛽𝑇2 = 0.0828 𝐶𝜔2 = 0.44 𝜎𝐾2 = 1.0  , 𝜎𝜔2 = 0.856

 (2.31) 

 

The blending function is determined from following terms. 

 

F1 = tanh (arg1
4  ) 

(2.32) 

arg1 = min [𝑚𝑎𝑥 (
√𝐾

0.09𝜔𝑑
,
500𝜇𝐿

𝜌𝜔𝑑2 ) ,
4𝜌𝜎𝜔2𝐾

𝐶𝐷𝑘𝜔𝑑2
] 

CDkω = max (2
ρσω2

ω

∂K

∂xi

∂ω

∂xi
, 10−10) 

F2 = tanh (arg2
2)  

arg2 = max(
2√𝐾

𝛽𝑇
∗𝜔𝑑

,
500𝜇𝑇

𝜌𝜔𝑑2 ) 

 

Here, ‘d’ represents the distance from the cell center to the nearest wall 

surface. The freestream value and the boundary conditions are generally given 

as follows. 

U∞
2

105𝑅𝑒𝐿
< 𝐾𝑓𝑎𝑟𝑓𝑖𝑒𝑙𝑑 < 

U∞
2

10𝑅𝑒𝐿
 

(2.33) 

U∞

𝐿𝑓𝑎𝑟𝑓𝑖𝑒𝑙𝑑
< 𝜔𝑓𝑎𝑟𝑓𝑖𝑒𝑙𝑑 <

10𝑈∞

𝐿𝑓𝑎𝑟𝑓𝑖𝑒𝑙𝑑
 

Kwall = 0 

ωwall =
60μ

𝛽1
𝑇𝜌𝑚𝑑2

 

 

2.5 Phase changing model  

In order to compute the condensation of droplets inside the TVC, Nucleation 
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model is adopted as phase-changing model. Many researchers have validated 

the nucleation model to low-pressure steam turbines and condensing nozzle 

[16-18]. 

In the nucleation model, the phase-changing source term ‘S’ in Eq. (2.1) is 

expressed as follows. 

 

𝑆𝑝ℎ𝑎𝑠𝑒 =
1

𝐽

[
 
 
 
 
 

0
0
0
0

−(�̇�𝑛𝑢𝑐𝑙𝑒𝑎𝑡𝑖𝑜𝑛 + �̇�𝑔𝑟𝑜𝑤𝑡ℎ)

ρmI ]
 
 
 
 
 

  ,   

�̇�𝑛𝑒𝑐𝑙𝑒𝑎𝑡𝑖𝑜𝑛 =
4

3
𝜋𝜌𝑙𝐼𝑟

∗3

 

�̇�𝑔𝑟𝑜𝑤𝑡ℎ = 4𝜋𝜌𝑙𝑟
2𝜂

𝜕𝑟

𝜕𝑡

 (2.34) 

 

Here,  �̇�nucleation describes the generation of new nuclei and �̇�growth 

describes the growth/demise of existing droplets according to the rate of the 

droplet radius, which is proposed by Hill [20], 

 

𝜕𝑟

𝜕𝑡
=

𝑃

ℎ𝑙𝑔𝜌𝑙√2𝜋𝑅𝑇

𝛾 + 1

2𝛾
𝐶𝑝(𝑇𝑑 − 𝑇) 

(2.35) 

Td = 𝑇𝑠𝑎𝑡(𝑃) − [𝑇𝑠𝑎𝑡(𝑃) − 𝑇]
𝑟∗

𝑟
 

 

Td is the droplet temperature. 

 The remaining terms of Eq. (2.34) is evaluated as follows. 

 

I =
qc

1 + 𝜃
(
𝜌𝑔

2

𝜌𝑙
)√

2𝜎

𝜋𝑀3
exp(−

4

3

𝜋𝑟∗2𝜎

𝐾𝑏𝑇
) (2.36) 

θ = qc

2(𝛾 − 1)

𝛾 + 1

ℎ𝑙𝑔

𝑅𝑇
(
ℎ𝑙𝑔

𝑅𝑇
−

1

2
)  (2.37) 
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r∗ =
2𝜎

𝜌𝑙𝑅𝑇𝑙𝑛(𝑆)
 (2.38) 

 

Here, I is the nucleation rate, qc is the condensation coefficient, σ is the 

surface tension of liquid, M is the mass of one molecule, r∗ is the critical 

droplet radius, Kb  is the Boltzmann constant, θ  is the non-isothermal 

correction factor which is expressed by Kantrowicz [19] and S is the 

supersaturation level, S = P/Psat. More information about nucleation model 

can be found in [9]. 

 

2.6 Equations of state (EOS) 

In this study, IAPWS-97 formulation [21] is used to perform the flow 

analysis including a wide temperature and pressure range of flow field and 

saturation phenomenon in TVC. The IAPWS formulation calculates the 

properties of each phase through the Gibbs free energy (g). It is divided into 

liquid, gas, and metastable region where phase change occurs between the 

liquid and the gas phase.  

 

Figure 4. Regions and equations of IAPWS-97 
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The Gibbs free energy including liquid and metastable superheated-liquid 

phase (Region 1), is expressed as, 

 

g(P, T)

𝑅𝑇
= 𝛾(𝜋, 𝜏) = ∑𝑛𝑖(7.1 − 𝜋)𝐼𝑖(𝜏 − 1.222)𝐽𝑖

34

𝑖=1

   

(273.15K ≤ T ≤ 623.15K , Ps(𝑇) ≤ 𝑃 ≤ 100𝑀𝑝𝑎) 

(2.39) 

 

Here, π = P/P∗, τ = T∗/T  , P∗ = 16.53𝑀𝑝𝑎 , 𝑇∗ = 1386𝐾.  

The coefficient ni, 𝐼𝑗, 𝐽𝑖 of Eq. (2.39) is given by Table 1. 

 

 

Table 1. Numerical values of the coefficients and exponents of the dimensionless 

Gibbs free energy for region 1 
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The Gibbs free energy including gas and metastable vapor phase (Region 2), 

is expressed as,  

 

g(P, T)

𝑅𝑇
= 𝛾0(𝜋, 𝜏) + γr(π, τ)  

γ0 = ln𝜋 + ∑ 𝑛𝑖
0𝜏𝑗𝑖

09
𝑖=1 , γr = ∑ 𝑛𝑖𝜋𝑖

𝐼(𝜏 − 0.5)𝐽𝑖13
𝑖=1  

(273.15K ≤ T ≤  623.15K     ,   0 < P ≤ Ps(T)) 

(2.40) 

 

Here, π = P/P∗, τ = T∗/T , P∗ = 1𝑀𝑝𝑎, 𝑇∗ = 540𝐾. 

The coefficients of γ0in Eq. (2.40), called ideal gas term, are given by Table 

2 and identical in gas and metastable state except n1
0, 𝑛2

0. In Metastable state,  

n1
0 = −0.96937268393049 × 10 , 𝑛2

0 = 0.10087275970006 × 102  are…. 

given. However, the coefficients of γr  in Eq. (2.40), called residual term, 

have different values in gas and metastable vapor. The coefficient of γr in gas 

phase is given by Table 3, while in metastable vapor is given by Table 4. 

 

 

Table 2. Numerical values of the coefficients and exponents of the ideal-gas part 

𝛄𝟎 of the dimensionless Gibbs free energy for region 2 
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Table 3. Numerical values of the coefficients and exponents of the residual part 

𝛄𝚪 of the dimensionless Gibbs free energy for region 2 

 

 

Table 4. Numerical values of the coefficients and exponents of the residual part 

of the dimensionless Gibbs free energy for the metastable-vapor region 
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Meanwhile, the gas-liquid interface region (Region 4) should be formulated 

for distinguishing between gas and liquid phase. The saturation pressure is 

expressed as,   

Ps(𝑇)

𝑝∗
= [

2C

−𝑏 + (𝐵2 − 4𝐴𝐶)
1
2

]

4

 (2.41) 

A = Θ2 + 𝑛1
2Θ + n2

s    , 

B = n3
sΘ2 + 𝑛4

𝑠Θ + n5
s  

C = n6
sΘ2 + 𝑛7

𝑠Θ + n8
s  

(2.42) 

Θ = T +
n9

s

𝑇−𝑛10
𝑠   (2.43) 

Here, 𝑝∗ = 1𝑀𝑝𝑎 . 

Likewise, the saturation temperature is expressed by, 

𝑇𝑠(𝑃)

𝑇∗
=

𝑛10 + 𝐷 − [(𝑛10 + 𝐷)2 − 4(𝑛9 + 𝑛10𝐷)]
1
2

2
      (2.44) 

D =
2G

−𝐹 − (𝐹2 − 4𝐸𝐺)1/2
 

E = β2 + 𝑛3𝛽 + 𝑛6    ,  

F = n1𝛽
2 + 𝑛4𝛽 + 𝑛7  

G = n2𝛽
2 + 𝑛5𝛽 + 𝑛8  

(2.45) 

β = (ps/𝑝
∗)1/4 (2.46) 

Here, T∗ = 1𝐾.  

The coefficient for computing saturation pressure and temperature is given 

by Table 5. The detailed information on the IAPWS-97 formulation in 

addition to Region 3 and Region 5 can be found in [21]. 
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Table 5. Numerical values of the coefficients of the dimensionless saturation 

equations 
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Chapter 3 

Numerical study for performances of  

TVC under various condition 

 

3.1 Geometry and Boundary condition 

The geometry of TVC for analysis is two-dimensional axisymmetric model 

which was used to experiments performed by Doosan Heavy Industries as 

shown in Fig. 5 [9]. The actual TVC geometry is not exactly axisymmetric, 

but Sharifi et al. have shown that there is no significant difference in the 

properties along the centerline and the performances between two-

dimensional axisymmetric simulation and three-dimensional simulation [22]. 

The boundary condition imposed on primary nozzle and secondary chamber 

is the pressure inlet boundary condition, while the boundary condition 

imposed on diffuser section is the pressure outlet boundary condition as 

shown in Fig. 5. 

 

Figure 5. The geometry and boundary conditions of TVC 
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In this case, total pressure and temperature are given as input values in the 

pressure inlet boundary condition, while static pressure is given in the 

pressure outlet boundary condition.  

 The properties of the primary and the secondary flow on the boundary are 

imposed on saturated properties. The primary flow is heated to a high 

temperature and pressure in the boiler and becomes saturated steam or 

superheated steam. Also, the secondary flow uses some of saturated steam 

evaporated by the heat exchanges between the pipes and the effect.  

The shape parameter and performances data will be normalized with baseline 

value due to company’s security problem. 

 

3.2 Flow analysis of TVC 

3.2.1 Flow characteristics in TVC 

The performances of the TVC are expressed by Entrainment Ratio (ER) and 

Compression Ratio (CR) as described in the introduction. ER is directly 

related to MED-TVC system efficiency, which is improved as ER increasing. 

CR is given by the ratio of the diffuser pressure to the secondary flow 

pressure. 

Fig. 6 shows the graph for the relation between ER and CR. It is divided into 

two regions which is called double choking mode and single choking mode 

respectively.  

In double choking mode, the flow structures of mixing section do not change 

because, in general, the choking occurs simultaneously in the primary nozzle 

and the constant area section. For this reason, ER does not change even when 
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CR increases. Also, since choking is maintained in the constant area section in 

spite of the fluctuation of CR, TVC can be stably driven with drawing the 

same amount of the secondary flow. Therefore, the double choking mode is on 

design condition of TVC. Especially, ER in double choking mode is defined 

as ‘Critical ER’ and the maximum value of CR that maintains the double 

choking mode is defined as ‘Critical CR’ in this thesis. 

On the other hand, when CR is increased beyond Critical CR, ER is 

decreased as CR increases. In this case, it is called ‘single choking mode’. In a 

single choking mode, since a choking occurs only at the primary nozzle, 

except for the constant area section, the supersonic core flow of the primary 

flow is diminished as CR increases. For this reason, the amount of entrained 

secondary flow is reduced and the ER is also decreased as shown in Fig. 7. 

 

 

Figure 6. Operation mode of TVC 
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Figure 7. Mach contour as CR increasing 

 

As described above, since the design condition of TVC is double choking 

mode, it is essential to understand the physical phenomenon of double 

choking mode. The physical phenomenon of TVC in double choking mode 

accompany with a series of complex processes, as shown in Fig. 8. 

First, the primary flow accelerates to the supersonic flow through primary 

nozzle and expands at primary nozzle outlet. At this point, the expansion 

angle depends on the pressure of the primary nozzle outlet. If the pressure at 

the primary nozzle outlet is greater than the pressure in mixing section, the 

supersonic flow is under-expanded and the expansion angle increases. On the 

contrary, supersonic flow is over-expanded and the expansion angle decreases 

in the opposite case. Also, the secondary flow is entrained according to the 

pressure difference between the secondary chamber and the mixing section. 



28 

Then, the primary flow and the secondary flow are mixed through shear 

layer due to the shear stress generated by velocity gradient between the 

primary flow and the secondary flow. A momentum of the primary flow 

transfers to the secondary flow through shear layer and shear layer thickness 

is gradually increased by a mixing.  

Also, the diamond–shaped shock train is generated in supersonic core flow 

due to interaction between a supersonic core flow and a shear layer. In the 

diamond-shaped shock train, the compression and expansion waves appear 

alternately.  

Finally, as the primary flow and the secondary flow are mixed, the 

supersonic core flow is gradually diminished, while the secondary flow 

accelerates and has the velocity close to the speed of sound in constant area 

section. For this reason, the secondary flow is choked in constant area section, 

and the cross section area of choked flow is defined as ‘Effective area’ which 

is firstly introduced by Munday et al [23]. 

 

Figure 8. Flow structure within TVC on design condition 
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3.2.2 Grid refinement test 

Predicting the performances of TVC accurately can be achieved by well 

simulating the diamond-shaped shock train which occurs inside the supersonic 

core flow of the primary flow. Therefore, grid refinement test is performed to 

accurately simulate the diamond-shaped shock train. 

Fig. 9 appears that the fluctuation of the pressure along the centerline is 

significantly smeared in the coarse grid compared to the fine grid. It implies 

that the excessive numerical dissipation in the coarse grid smears the shock 

train, so the shock train is not well simulated. Therefore, the fine grid (near 

100,000 grids) is used for flow analysis as shown in Fig. 10.  

 

Figure 9. Pressure distribution along with the centerline according to grid number 

 

Figure 10. Pressure distribution along with centerline about fine grids 
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3.3 Quantitative data set-up for analyzing flow structure 

and Performances on design condition 

Many previous researches have attempted to analyze qualitatively 

entrainment ratio through the effective area concept [5-6, 24]. However, there 

are two limitations of the effective area concept for analyzing entrainment 

ratio quantitatively.  

First of all, the position of effective area can’t be determined exactly. The 

choking position of the secondary flow varies greatly depending on the 

geometry and pressure conditions of TVC. Additionally, the region which the 

choking of secondary flow is maintained also depends on the geometry and 

pressure conditions. Furthermore, since ER is given as a ratio of mass flow 

rate between primary flow and secondary flow, it is difficult to directly relate 

the size of effective area to ER. 

Therefore, it is necessary to analyze the performances of TVC 

quantitatively by introducing quantitative data related to the flow structures. 

In this study, two data are set through the area of primary and secondary flow 

in mixing section for the quantitative analysis of the performances. This is 

because, on design conditions, the flow structures inside mixing section do 

not change and it is thought that the primary and the secondary flow regions 

are directly related to the performance and flow structure like the effective 

area.  

Based on this, the first quantitative data is defined as follows.  
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1) Secondary/primary flow area ratio at mixing section outlet (Effective AR) 

The value of Effective AR is the ratio of the secondary flow area at mixing 

section outlet (Aso) to the primary flow area at mixing section outlet (Apo), 

defined by Eq. (3.1). 

 

Effective AR =  Aso/Apo (3.1) 

 

There are three advantages of Effective AR. First, Effective AR is fixed to 

mixing section outlet, so it is easy to obtain the value unlike the effective area 

which is changed according to the geometry and pressure conditions. Also, in 

the mixing section outlet, the secondary flow is close to the sonic speed due to 

the sufficient mixing between the primary and the secondary flow, so that 

Effective AR can be used to predict the choked area of the primary and 

secondary flow in constant area section. Finally, unlike the effective area, the 

data is expressed in a ratio form, such as performances. 

 Next, the second quantitative data is defined as follows. 

 

2) Secondary flow Throttle Ratio inside mixing section (Secondary AR) 

 The value of Secondary AR is the ratio of the secondary flow area at mixing 

section inlet (Asi)  to the secondary flow at mixing section outlet (𝐴𝑠𝑜) , 

defined by Eq. (3.2) 

 

Secondary AR = Asi/Aso (3.2) 
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By mixing with the primary flow, the secondary flow is accelerated with the 

area of secondary flow decreasing. Thus, the value of Secondary AR can be 

used to relate to the velocity distribution of the secondary flow inside the 

mixing section, which affects the mass flow rate of the secondary flow.  

 

 

Figure 11. Quantitative data set up, Effective AR 

 

 

 

Figure 12. Quantitative data set up, Secondary AR 
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3.4 Parametric study 

In this section, a parametric study is conducted to quantitatively analyze the 

changes in the performances of TVC under various conditions, based on the 

quantitative data described in previous section. Then, design variables that 

have a significant effect on the performances of TVC, are derived for design 

optimization of TVC. It is conducted to investigate the sensitivity of the 

performances for changing single parameter. There are seven parameters that 

are expected to be directly related to the performances. 

 

1) Primary flow pressure 

2) Secondary flow pressure 

3) Primary nozzle throat radius 

4) Primary nozzle area ratio 

5) Constant area nozzle width 

6) Mixing inlet length 

7) Mixing section length 

 

Fig. 13 shows a schematic diagram of each parameter. The pressure of the 

primary and secondary flow determines the properties of the primary and 

secondary flow. The primary nozzle throat radius is directly related to the 

mass flow rate of the primary flow.  

Also, the primary nozzle area ratio is defined as the area ratio of the primary 

nozzle outlet to the nozzle throat (Ae/𝐴
∗) associated with the pressure of 

nozzle outlet as shown in Eq. (3.3), which assumes isentropic process in the 
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nozzle flow. Since the expansion angle is different as the pressure changes, 

the primary nozzle area ratio is expected to affect the performances of TVC.  

Ae
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2
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2
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pe
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𝛾 − 1

2
𝑀𝑒

2)
− 

γ
γ−1

= 𝑔(𝑀𝑒 , 𝛾) 

(3.3) 

Moreover, the constant area nozzle width determines the choked area of the 

primary and secondary flow, so it is anticipated to greatly affect to the 

performances of TVC. Meanwhile, the mixing inlet length is relevant to the 

velocity profile of secondary flow in mixing section, which influences on the 

mixing process. At last, since it can be expected that the mixing process is 

prolonged as the mixing section length increasing, the mixing section length is 

chosen as the last parameter of the parametric study. 

 

Figure 13. Parameters set up in TVC 
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3.4.1 Case 1: Pressure condition, Primary flow pressure 

In the first parametric study, the effect of the primary flow pressure on the 

flow structures inside mixing section and the performances is observed. 

Fig. 14(a) shows that the performances and the value of Effective AR 

according to the change of the parameters in the design condition, Fig. 14(b) 

shows the value of Secondary AR and the Mach number of the secondary 

flow at mixing section inlet(Minlet). Also, Fig. 14(c) and (d) represent the 

mass flow rate and the momentum of the primary and secondary flow 

respectively. Fig. 15 shows the contours of Mach number and turbulent 

kinetic energy, ordered by a parameter increment. 

In Fig. 14(a), as the primary flow pressure increases, Critical ER decreases 

with the same tendency as the value of Effective AR, while Critical CR 

increases. It means that the two effects (pressure-driven and mixing effects) 

are appropriately distributed to entrain and re-pressurize the secondary flow 

according to the flow structures. 

Comparing these results through the Mach contour as shown in Fig. 15(a), 

the pressure at the nozzle outlet increases according to Eq. (3.3) and the 

expansion angle changes from over-expand to under-expand at the nozzle 

outlet as the primary flow pressure increases. For this reason, the area of the 

primary flow passing through the constant area section inlet is relatively 

increased and the secondary flow area passing through the constant area 

section inlet is relatively decreased. Therefore, it results in the reduction of 

Effective AR, and it is inferred that the choked area of the secondary flow is 

relatively decreased compared with that of the primary flow.  
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Due to these geometrical characteristics, Critical ER is decreased, which is 

associated with in the increment of the primary mass flow rate. According to 

the nozzle’s choked flow relation in Eq. (3.4),  

�̇�𝑝 = √
γ

R
(

2

𝛾 + 1
)

𝛾+1
2(𝛾−1) p0

√𝑇0 
𝐴∗ = 𝑓(𝑝0, 𝐴

∗) (3.4) 

As primary flow pressure increases, the primary mass flow rate is linearly 

increased as shown in Fig. 14(c). On the other hand, there is no significant 

change in the mass flow rate of the secondary flow as shown in Fig. 14(c). It 

can be explained that Minlet is little changes in Fig. 14(b) and the secondary 

flow area at mixing section inlet(Asi) is constant.  

Meanwhile, the momentum of primary flow, which is red line in Fig. 14(d), 

is increased with the primary mass flow rate increasing. Therefore, the 

momentum difference between the primary and the secondary flow is 

increased as shown by the black dash line in Fig. 14(d). Because of the large 

momentum difference, the large amount of turbulent kinetic energy is 

generated in shear layer and the momentum transfer from the primary flow to 

secondary flow is increased through the shear layer with more mixing, as 

shown in Fig. 15(b). It may be thought that as the primary flow pressure 

increases, the mixing effect becomes more important factor in determining the 

performances than the pressure-driven effect.  

However, when the mixing effect becomes excessive, it is expected that the 

large amounts of turbulent kinetic energy can cause the loss of performances 

by using a part of the primary flow energy that maintains the turbulence flow. 
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Figure 14(a). Critical ER vs Effective AR Figure 14(b). 𝐌𝐢𝐧𝐥𝐞𝐭 vs Secondary AR 

  

Figure 14(c). The mass flow rate of 

primary flow and secondary flow 

Figure 14(d). The momentum of  

primary and secondary flow 

 

Figure 14. Parameter study results - Primary flow pressure (Graph) 
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Figure 15(a). Mach contour ( Arrangement in order of increasing parameter) 

 

Figure 15(b). Turbulent kinetic energy contour  

( Arrangement in order of increasing parameter) 

Figure 15. Parametric study results – Primary flow pressure (Contour) 



39 

3.4.2 Case 2: Pressure condition, Secondary flow pressure  

In the second parametric study, the effect of the secondary flow pressure on 

the flow structures inside mixing section and the performances is observed. 

Fig. 16(a) shows that the performances and the value of Effective AR 

according to the change of the parameters in the design condition, Fig. 16(b) 

shows the value of Secondary AR and the Mach number of the secondary 

flow at mixing section inlet (Minlet). Also, Fig. 16(c) and (d) represent the 

mass flow rate and the momentum of the primary and secondary flow 

respectively. Fig. 17 shows the contours of Mach number and turbulent 

kinetic energy, ordered by a parameter increment. 

In Fig. 16(a), as the secondary flow pressure increases, Critical ER increases 

with the same tendency as the value of Effective AR, while Critical CR 

decreases. It means that the two effects (pressure-driven and mixing effects) 

are appropriately distributed to entrain and re-pressurize the secondary flow 

according to the flow structures. Meanwhile, the critical diffuser pressure is 

increased with increasing the secondary flow pressure although Critical CR 

decreases. 

Comparing these results through the Mach contour as shown in Fig. 17(a), 

the pressure at the mixing section increase and the expansion angle changes 

from under-expand to over-expand at the nozzle outlet as the secondary flow 

pressure increases. For this reason, the area of the primary flow passing 

through the constant area section inlet is decreased and the secondary flow 

area passing through the constant area inlet is relatively increased. Therefore, 

it results in the enlargement of Effective AR, and it is inferred that the choked 
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area of the secondary flow is relatively increased compared with that of the 

primary flow.  

Due to these geometrical characteristics, Critical ER is increased, which is 

associated with in the increment of the secondary mass flow rate. Since the 

pressure and geometry of the primary nozzle do not change, the mass flow 

rate of the primary flow is constant as shown in Fig. 16(c) by the nozzle’s 

choked relation, Eq. (3.4). 

On the other hand, as the secondary flow pressure increases, the mass flow 

rate of the secondary flow is increased as shown in Fig. 16(c). Although 

Minlet is little changes in Fig 16(b) and Asi is also constant, the density of the 

secondary flow pressure is increased due to the increment of the secondary 

flow pressure.  

 Meanwhile, the momentum of the secondary flow, which is blue line in Fig. 

16(d), is increased with the secondary mass flow rate increasing. Therefore, 

the momentum difference between the primary and the secondary flow in 

decreased as shown by the black dash line in Fig 16(d). Because of small 

momentum difference, the small amount of turbulent kinetic energy is 

generated in shear layer and the momentum transfer from the primary to 

secondary flow is decreased through the shear layer as shown in Fig. 17(b). 

Therefore, it is investigated that as the secondary flow pressure increases, the 

pressure-driven effect becomes more important factor in determining the 

performances than the mixing effect. 
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Figure 16(a). Critical ER vs Effective AR Figure 16(b). 𝐌𝐢𝐧𝐥𝐞𝐭 vs Secondary AR 

  

Figure 16(c). The mass flow rate of 

primary flow and secondary flow 

Figure 16(d). The momentum of  

primary and secondary flow 

 

Figure 16. Parameter study results - Secondary flow pressure (Graph) 
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Figure 17(a). Mach contour ( Arrangement in order of increasing parameter) 

 

Figure 17(b). Turbulent kinetic energy contour  

( Arrangement in order of increasing parameter) 

Figure 17. Parametric study results – Secondary flow pressure (Contour) 
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3.4.3 Case 3: Geometry condition, Primary nozzle throat radius 

 In the third parametric study, the effect of the primary nozzle throat radius on 

the flow structures inside mixing section and the performances is observed. 

Fig. 18(a) shows that the performances and the value of Effective AR 

according to the change of the parameters in the design condition, Fig. 18(b) 

shows the value of Secondary AR and the Mach number of the secondary 

flow at mixing section inlet (Minlet). Also, Fig. 18(c) and (d) represent the 

mass flow rate and momentum of the primary and secondary flow respectively. 

Fig. 19 shows the contours of Mach number and turbulent kinetic energy, 

ordered by a parameter increment.  

In Fig. 18(a), as the primary nozzle throat radius increases, Critical ER 

decreases with the same tendency as the value of Effective AR, while Critical 

CR increases. It means that the two effects (pressure-driven and mixing 

effects) are appropriately distributed to entrain and re-pressurize the 

secondary flow according to the flow structures. 

Comparing these results through the Mach number contour as shown in Fig. 

19(a), it is investigated that the physical phenomenon at the nozzle outlet does 

not change significantly since the primary nozzle area ratio (Ae/A
∗, the 4

th
 

parameter) is fixed, However, the whole area of the primary flow enlarges as 

the primary nozzle throat radius increases, as shown in Fig. 19(a). For this 

reason, the area of the primary flow passing through the constant area section 

inlet is increased and the secondary flow area passing through the constant 

area section inlet is relatively decreased. Therefore, it results in the reduction 

of the Effective AR, and it is inferred that the choked area of the secondary 
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flow is relatively decreased compared with that of the primary flow. 

Due to these geometrical characteristics, Critical ER is decreased, which is 

mostly associated with in the increment of the primary mass flow rate. 

According to the nozzle choked flow relation in Eq. (3.4), as the primary 

nozzle throat radius increases, the primary mass flow rate is linearly increased 

as shown is Fig. 18(c). Whereas, the mass flow rate of the secondary flow is 

slightly decreased because Asi is increased while Minlet is decreased due to 

increasing the value of Secondary AR.  

 Meanwhile, the momentum of primary flow is increased, while that of 

secondary flow is decreased as shown in Fig. 18(d). Therefore, the momentum 

difference between the primary and the secondary flow is increased as shown 

by the black dash line in Fig. 18(d). Because of the large momentum 

difference, the large amount of turbulent kinetic energy is generated in shear 

layer and the momentum transfer from the primary flow to secondary flow is 

increased through the shear layer with more mixing, as shown in Fig. 19(b). 

For this reason, as the primary nozzle throat radius increases, the mixing 

effect becomes more important factor in determining the performances than 

the pressure-driven effect. However, when the mixing effect becomes 

excessive, it is expected that the large amounts of the turbulent kinetic energy 

can cause the loss of performances by using a part of the primary flow energy 

that maintains the turbulence flow. 
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Figure 18(a). Critical ER vs Effective AR Figure 18(b). 𝐌𝐢𝐧𝐥𝐞𝐭 vs Secondary AR 

  

Figure 18(c). The mass flow rate of 

primary flow and secondary flow 

Figure 18(d). The momentum of  

primary and secondary flow 

 

Figure 18. Parameter study results – Primary nozzle throat radius (Graph) 
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Figure 19(a). Mach contour ( Arrangement in order of increasing parameter) 

 

Figure 19(b). Turbulent kinetic energy contour  

( Arrangement in order of increasing parameter) 

Figure 19. Parameter study results – Primary nozzle throat radius (Contour) 
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3.4.4 Case 4: Geometry condition, Primary nozzle area ratio 

In the fourth parametric study, the effect of the primary nozzle area ratio on 

the flow structures inside mixing section and the performances is observed. 

Fig. 20(a) shows that the performances and the value of Effective AR 

according to the change of the parameters in the design condition, Fig. 20(b) 

shows the value of Secondary AR and the Mach number of the secondary 

flow at mixing section inlet (Minlet). Also, Fig. 20(c) and (d) represent the 

mass flow rate and momentum of the primary and secondary flow respectively. 

Fig. 21 shows the contours of Mach number and turbulent kinetic energy, 

ordered by a parameter increment.  

In Fig. 20(a), the effect of primary nozzle area ratio is insignificant for the 

Critical ER with the same tendency as the value of Effective AR due to trade-

off relationship between two factors. In Fig. 21(a), the whole area of the 

primary flow enlarges as the primary nozzle area ratio increases. However, 

since the primary flow has over-expanded with the pressure of the primary 

nozzle outlet increasing by Eq. (3.3) and the expansion angle is decreased, it 

is a factor that the area of the primary flow can be diminished. Therefore, it 

leads to a slight variation of the Effective AR, and it is inferred that the 

choked area of the secondary flow will be no big difference as the primary 

nozzle area ratio increases.  

In terms of the Critical ER, it is slight decreased due to the reduction of the 

secondary mass flow rate. Since the pressure and geometry of the primary 

nozzle do not change, the mass flow rate of the primary flow is constant as 

shown in Fig. 20(c) by the nozzle’s choked relation, Eq. (3.4). Furthermore, 
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the mass flow rate of the secondary flow is slightly decreased because Asi is 

increased while the value of Minlet is decreased due to increasing the value of 

Secondary AR.  

Meanwhile, as the primary nozzle area ratio increases, the velocity of the 

primary flow is increased, but that of the secondary flow is decreased as the 

enlargement of Secondary AR. Hence, the momentum difference between the 

primary and the secondary flow is slightly increased as shown by the black 

dash line in Fig. 20(d). For this reason, the large amount of turbulent kinetic 

energy is generated in shear layer and the momentum transfer is increased 

through the shear layer with more mixing, as shown in Fig. 21(b). It can be 

thought that as the primary flow pressure increases, the mixing effect becomes 

more important factor in determining the performances than the pressure-

driven effect. However, since the mixing effect becomes excessive, the large 

amounts of turbulent kinetic energy decline the performances slightly. 
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Figure 20(a). Critical ER vs Effective AR Figure 20(b). 𝐌𝐢𝐧𝐥𝐞𝐭 vs Secondary AR 

  

Figure 20(c). The mass flow rate of 

primary flow and secondary flow 

Figure 20(d). The momentum of  

primary and secondary flow 

 

Figure 20. Parametric study results – Primary nozzle area ratio (Graph) 
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Figure 21(a). Mach contour ( Arrangement in order of increasing parameter) 

 

Figure 21(b). Turbulent kinetic energy contour  

( Arrangement in order of increasing parameter) 

Figure 21. Parametric study results - Primary nozzle area ratio (Contour) 
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3.4.5 Case 5: Geometry condition, Constant area nozzle width  

In the fifth parametric study, the effect of the constant area nozzle width on 

the flow structures inside mixing section and the performances is observed. 

Fig. 22(a) shows that the performances and the value of Effective AR 

according to the change of the parameters in the design condition, Fig. 22(b) 

shows the value of Secondary AR and the Mach number of the secondary 

flow at mixing section inlet (Minlet). Also, Fig. 22(c) and (d) represent the 

mass flow rate and momentum of the primary and secondary flow respectively. 

Fig. 23 shows the contours of Mach number and turbulent kinetic energy, 

ordered by a parameter increment.  

In Fig. 22(a), as constant area nozzle width increases, Critical ER increases 

with the same tendency as the value of Effective AR, while Critical CR 

decreases. It means that the two effects (pressure-driven and mixing effects) 

are appropriately distributed to entrain and re-pressurize the secondary flow 

according to the flow structures. 

Comparing these results through the Mach contour as shown in Fig. 23(a), 

the area of the secondary flow increases significantly compared to the primary 

flow in constant area section. Therefore, it results in enlargement of Effective 

AR and it is inferred that the choked area of the secondary flow area is 

relatively increased compared with that of the primary flow. 

Due to these geometrical characteristics, Critical ER is increased, which is 

associated with the increment of the secondary mass flow rate. Since the 

pressure and geometry of the primary nozzle do not change, the mass flow 

rate of the primary flow is constant as shown in Fig. 22(c) by the nozzle’s 
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choked relation, Eq. (3.4). While, the mass flow rate of the secondary flow is 

increased since the velocity of the secondary flow is increased by the 

reduction of Secondary AR as shown in Fig. 22(b). 

Meanwhile, the momentum of the secondary flow, which is blue line in Fig. 

22(d), is increased with the secondary mass flow rate increasing. Therefore, 

the momentum difference between the primary and the secondary flow in 

decreased as shown by the black dash line in Fig. 22(d). Because of small 

momentum difference, the small amount of turbulent kinetic energy is 

generated in shear layer and the momentum transfer from the primary to 

secondary flow is decreased through the shear layer as shown in Fig. 23(b). 

Therefore, it is investigated that as the constant area nozzle width increases, 

the pressure-driven effect becomes more important factor in determining the 

performances than the mixing effect. 
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Figure 22(a). Critical ER vs Effective AR Figure 22(b). 𝐌𝐢𝐧𝐥𝐞𝐭 vs Secondary AR 

  

Figure 22(c). The mass flow rate of 

primary flow and secondary flow 

Figure 22(d). The momentum of  

primary and secondary flow 

 

Figure 22. Parametric study results - Constant area nozzle width (Graph) 

  

 

 



54 

 

Figure 23(a). Mach contour ( Arrangement in order of increasing parameter) 

 

Figure 23(b). Turbulent kinetic energy contour  

( Arrangement in order of increasing parameter) 

Figure 23. Parametric study results - Constant area nozzle width (Contour) 
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3.4.6 Case 6: Geometry condition, Mixing inlet length 

In the sixth parametric study, the effect of the mixing inlet length on the flow 

structures inside mixing section and the performances is observed.  

Fig. 24(a) shows that the performances and the value of Effective AR 

according to the change of the parameters in the design condition, Fig. 24(b) 

shows the value of Secondary AR and the Mach number of the secondary 

flow at mixing section inlet (Minlet). Also, Fig. 24(c) and (d) represent the 

mass flow rate and momentum of the primary and secondary flow respectively. 

Fig. 25 shows the contours of Mach number and turbulent kinetic energy, 

ordered by a parameter increment.  

In Fig. 24(a), unlike the parameters shown above, it shows that Critical ER 

has the maximum value at a specific mixing inlet length value, which is also 

consistent with the tendency of Effective AR.   

When the mixing inlet length decreases, the value of Secondary AR is close 

to 1(Fig. 24(b), ★ region) and Minlet becomes close to the sonic velocity. 

And then, the secondary flow has a choking condition inside the mixing 

section, which limits the mass flow rate and the area of the secondary flow as 

shown in Fig. 24(c). Thus, since the secondary flow area passing through the 

constant area section inlet is relatively decreased, it is inferred that the choked 

area of the secondary flow is relatively decreased compared with that of the 

primary flow.  

On the other hand, when the mixing inlet length increases, the secondary 

flow area at mixing section inlet enlarges due to increasing Asi value, but the 

velocity of the flow is decreased by increasing Secondary AR as shown in Fig. 
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24(b). For this reason, the variations of the Effective AR and the secondary 

mass flow rate is not large, which are somewhat decreased, as depicted in Fig. 

24(c). 

Meanwhile, as the mixing inlet length is increased, the momentum of the 

secondary flow is decreased due to the reduction of Asi and the momentum 

difference is increased as Fig. 24(d). Because of the large momentum 

difference, the large amount of turbulent kinetic energy is generated in shear 

layer and the momentum transfer from the primary flow to secondary flow is 

increased through the shear layer with more mixing, as shown in Fig. 25(b).  

The parametric result of the mixing inlet length implies that the 

performances of the TVC can be expected to be optimal when the pressure-

driven and the mixing effects are appropriate. If the pressure-driven effect is 

excessive, the value of Minlet approaches the sonic velocity which leads to a 

choking phenomenon resulting in a loss of performances. On the other hand, 

if the mixing effect is excessive, the large amounts of the turbulent kinetic 

energy also induce a loss of performances. 
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Figure 24(a). Critical ER vs Effective AR Figure 24(b). 𝐌𝐢𝐧𝐥𝐞𝐭 vs Secondary AR 

  

Figure 24(c). The mass flow rate of 

primary flow and secondary flow 

Figure 24(d). The momentum of  

primary and secondary flow 

 

Figure 24. Parametric study results - Mixing inlet length (Graph) 
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Figure 25(a). Mach contour ( Arrangement in order of increasing parameter) 

 

Figure 25(b). Turbulent kinetic energy contour  

( Arrangement in order of increasing parameter) 

Figure 25. Parametric study results - Mixing inlet length (Contour) 
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3.4.7 Case 7: Geometry condition, Mixing section length 

In the last parametric study, the effect of the mixing section length on the 

flow structures inside mixing section and the performances is observed. 

Fig. 26(a) shows that the performances and the value of Effective AR 

according to the change of the parameters in the design condition, Fig. 26(b) 

shows the value of Secondary and the Mach number of the secondary flow at 

mixing section inlet (Minlet). Also, Fig. 26(c) and (d) represent the mass flow 

rate and momentum of the primary and secondary flow respectively. Fig. 27 

shows the contours of Mach number and turbulent kinetic energy, ordered by 

a parameter increment.  

In Fig. 26(a), there is no significant change in the Critical ER, which is 

consistent with the tendency of Effective AR. Since the flow structures inside 

mixing section do not change significantly as the mixing section length 

increases, the values of Effective AR, Secondary AR and the Critical ER 

remain nearly constant compared to other parameter, as shown Fig. 27(a).  
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Figure 26(a). Critical ER vs Effective AR Figure 26(b). 𝐌𝐢𝐧𝐥𝐞𝐭 vs Secondary AR 

  

Figure 26(c). The mass flow rate of 

primary flow and secondary flow 

Figure 26(d). The momentum of  

primary and secondary flow 

 

Figure 26. Parametric study results – Mixing section length (Graph) 
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Figure 27(a). Mach contour ( Arrangement in order of increasing parameter) 

 

Figure 27(b). Turbulent kinetic energy contour  

( Arrangement in order of increasing parameter) 

Figure 27. Parametric study results - Mixing section length (Contour) 
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3.4.8 Discussion of parametric study 

In the results of the parametric study, five parameters are highly sensitive to the 

performance of TVC, which are the primary flow pressure, the secondary flow 

pressure, the primary nozzle throat radius, the constant area nozzle width and the 

mixing inlet length. On the other hand, the two remaining parameters, which are the 

primary nozzle area ratio and the mixing section length, are less sensitive to the 

performances of TVC. The response of the performance to the increase of each 

parameter is shown in following Table 6. 

 

 

Figure 28. Parametric study results ( Red : high sensitivity / Black : less sensitivity) 

 

Table 6. The response of the performances for each parameter 
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3.5 Relationship between the performances and flow 

structure to quantitative data 

In this section, all data from the parametric study are integrated and plotted 

with graphs, and the Critical ER and the value of Minlet are compared with 

the quantitative data defined in section 3.3 for considering whether the 

performances and quantitative data are similar order of size according to the 

parameters. 

 According to Fig. 29(a), the Critical ER tends to increase as the Effective AR 

increases, regardless of the size of each parameter. This means that the choked 

area of the secondary flow, compared to the supersonic primary flow, is 

important for inducing secondary mass flow, and the Critical ER analysis is 

significant through the quantitative value of Effective AR.  

Also, the value of Secondary AR is directly correlated with the velocity of 

the secondary flow as shown in Fig. 29(b). As Secondary AR is increased, the 

value of Minlet is decreased, regardless of the size of each parameter. 

Finally, there is trade-off relationship between the Critical ER and the 

Critical CR. It means that depending on the geometry and the pressure 

conditions, the pressure-driven effect and the mixing effect are appropriately 

distributed to entrain and re-pressurize the secondary flow according to the 

flow structures.  
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Figure 29(a). Critical ER vs Effective AR Figure 29(b). 𝐌𝐢𝐧𝐥𝐞𝐭 vs Secondary AR 

 

Figure 29(c). Critical ER vs Critical CR 

Figure 29. Relationship between performances and flow structure to quantitative data 
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3.6 Discussion of design optimization of TVC 

 Based on the results of parametric study, five design variables which are 

highly sensitive to performances are selected and the design optimization of 

MED-TVC is conducted.  

Before performing the design optimization, the characteristics of MED-TVC 

is examined. The secondary flow pressure and the diffuser pressure are equal 

to the pressure of first and last Effect respectively, as shown in Fig 1. 

Therefore, the secondary flow pressure and the diffuser pressure should be 

fixed in order to optimize without changing the characteristics of MED-TVC. 

Accordingly, compression ratio is also fixed and secondary flow pressure is 

excluded from design parameters, although it is a parameter which is highly 

sensitive to performances.  

The problem definition for MED-TVC design optimization is as follows. 

 

𝑴𝒂𝒙𝒊𝒎𝒊𝒛𝒆 ∶ 𝑬𝒏𝒕𝒓𝒂𝒊𝒏𝒎𝒆𝒏𝒕 𝑹𝒂𝒕𝒊𝒐 

𝐒𝐮𝐛𝐣𝐞𝐜𝐭 𝐭𝐨 ∶ (𝐂𝐨𝐦𝐩𝐫𝐞𝐬𝐬𝐢𝐨𝐧 𝐑𝐚𝐭𝐢𝐨) = (𝑪𝒐𝒎𝒑𝒓𝒆𝒔𝒔𝒊𝒐𝒏 𝑹𝒂𝒕𝒊𝒐)𝒃𝒂𝒔𝒆  

 

 Also, the range of design variables is set to maintain the shape of TVC, as 

shown in Fig. 30. The range of design variables is given by Table 7.  

 

 

Figure 30. Geometry constraints of TVC 
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Table 7. Range of the design variables 

 Kriging model [25], one of the meta-modeling based global optimization 

methods, is used to the optimization method for TVC design optimization. 

The meta-modeling method is to estimate the value of the objective function 

in entire design space using sample points. Also, Latin Hypercube Sampling is 

used as design of experiment (DOE) to distribute the sample points evenly in 

design spaces and the initial design space is constructed base on sample points. 

Then, sample points are added by using Expected Improvement (EI) to obtain 

a reliable kriging model [26]. 

 The validity of the kriging model was verified by two methods as follows. 

 

1) Convergence of EI value 

 

𝐸[𝐼(𝑋)] = (𝑓𝑚𝑖𝑛 − �̂�)𝛷 (
𝑓𝑚𝑖𝑛−�̂�

𝑠
) + 𝑠𝜙 (

𝑓𝑚𝑖𝑛−�̂�

𝑠
)      (3.5) 

 

 EI value can be obtained from Eq. (3.5) and the sample point is added to 

the points where EI value becomes maximum. Theoretically, when EI value 

becomes 0, the kriging model can be regarded as an exact function. Therefore, 

as EI value decreases, the reliability of the models increases.  

 



67 

 2) Global optimum value analysis 

 

Difference =
{ (Optimum value)predicted−(Optimum value)calculated  }

(Optimum value)calculated  
     (3.6) 

 

In order to verify that the optimum value of the kriging model actually 

matches the actual value, the error of optimum value is obtained, which is 

computed by the difference between the predicted global optimum value and 

the calculated value at global optimum point predicted by kriging model. 

 

Based on these methods, the results of design optimization of TVC are as 

shown in Fig. 31. 80 sample points are used to construct initial design space 

of TVC. As results of the accuracy of kriging model of TVC, it can be seen 

that the convergence of EI value is not fast and the difference of optimum 

value is maintained by 8~10%. It is inferred that kriging model of TVC isn’t 

well constructed and it is important to understand the characteristics of 

objective function in design space.  

  

Figure 31(a). Convergence 

history of EI value 

Figure 31(b). Convergence history 

of optimum value difference 

Figure 31. Uncertainty check for kriging model of TVC 
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Therefore, the characteristics of design space in TVC are examined through 

two types of test cases, smooth and non-smooth (highly non-linear) cases 

respectively. The test cases are as shown in Fig 32 and 33. The number of 

initial sample points is set to 20 for smooth cases. On the other hand, the 

number of initial sample points is set to 60 for non-smooth cases. 

 

 
 

2D View 3D View 

Figure 32(a). Smooth case 1: McCormick function 

  

2D View 3D View 

Figure 32(b). Smooth case 2 : 2D Six hump camel back function 

Figure 32. Test cases for smooth cases 
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2D View 3D View 

Figure 33(a). Non-smooth case 1: Michalewicz function 

  

2D View 3D View 

Figure 33(b). Non-smooth case 2: Drop-wave function 

Figure 33. Test cases for non-smooth cases 

 

The results of the test cases are depicted in Fig. 34 and 35. In smooth cases, 

the EI value and the difference of optimum value converge rapidly even 

though the number of added sample points (EI point) is not large. On the other 

hand, the EI value converges slowly in non-smooth cases and the difference of 

optimum value converges for Michalewicz function but does not converge for 

Drop-wave function even if the number of added sample points is large. 
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Figure 34(a). Convergence 

history of EI value 

Figure 34(b). Convergence history 

of optimum value difference 

Figure 34. Uncertainty check for kriging model of smooth cases 

 

  

Figure 35(a). Convergence 

history of EI value 

Figure 35(b). Convergence history 

of optimum value difference 

Figure 35. Uncertainty check for kriging model of non-smooth cases 

 

Next, the kriging model and the exact function are compared. For smooth 

cases, it can be seen that the kriging model well predicts the global optimum 

as well as the kriging model well simulates the exact function in the whole 

design space. Also, the L2 norm of error (∥ e ∥2)  is small, which is 
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3.51 ∗ 10−3 and 6.29 ∗ 10−2 respectively. On the other hand, it is difficult 

to simulate the exact function through kriging model and predict the global 

optimum as the characteristics of non-linearity are increased. The L2 norm of 

error is large, which is 136.53 and 49.14 respectively. 

 

  

Exact function Kriging model ( ∥ 𝐞 ∥𝟐= 𝟑. 𝟓𝟏 ∗ 𝟏𝟎−𝟑) 

Figure 36(a). Smooth case 1: McCormick function  

  

Exact function Kriging model ( ∥ 𝐞 ∥𝟐= 𝟔. 𝟐𝟗 ∗ 𝟏𝟎−𝟐) 

Figure 36(b). Smooth case 2 : 2D Six hump camel back function 

Figure 36. Comparison of kriging model and exact function in smooth cases 
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Exact function Kriging model ( ∥ 𝐞 ∥𝟐= 𝟏𝟑𝟔. 𝟓𝟑) 

Figure 37(a). Non-smooth case 1: Michalewicz function 

  

Exact function Kriging model ( ∥ 𝐞 ∥𝟐= 𝟒𝟗. 𝟏𝟒) 

Figure 37(b). Non-smooth case 2: Drop-wave function 

Figure 37. Comparison of kriging model and exact function in non-smooth cases 

 

 Through the results of test cases, the design space of TVC is expected to 

close to non-smooth cases and it can be anticipated that the exact function is 

not simulated accurately through kriging model. It is inferred that the 

performance curve of TVC occurs the characteristics of non-linearity in 

design space of TVC. As previous explained, the performance curve changes 

drastically above Critical CR as shown in Fig. 6. Additionally, Critical ER and 
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Critical CR are trade-off relationship to each other as shown in Fig. 29(c). 

According to Fig. 38, as given CR value is larger than Critical CR, double 

choking mode is retained but Critical ER is not large. However, as given CR 

value is lower than Critical CR, single choking mode is occurred and ER is 

rapidly decreased although Critical ER is large. Therefore, the combination of 

double choking and single choking mode in given CR makes it difficult to 

optimize the design of TVC. 

 

 

Figure 38. Performance curves under various conditions 
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Chapter 4 

Conclusion 

 

4.1 Summary  

In this study, two quantitative data, which are Effective AR (Aso/Apo) and 

Secondary AR (Asi/Aso)  respectively, are firstly introduced to analyze 

quantitatively the flow structure in TVC and comprehend the relationship 

between the flow structures and the performances of TVC under various 

conditions.  

Through the two quantitative data, it can be seen that the geometrical 

characteristics greatly affect the flow structures and the performances.  

Effective AR improves the ‘Effective area’ concept which is difficult to 

measure quantitatively. In terms of the proportional relationship between 

Effective AR and Critical ER, the choked area of the secondary flow 

compared to the primary flow is important to induce the mass flow rate of the 

secondary flow.   

Also, Secondary AR is directly related to the velocity of the secondary flow. 

As Secondary AR is increased, the secondary flow velocity at mixing inlet is 

decreased. Meanwhile, the mixing effect is caused by the momentum 

difference between the primary and the secondary flow. As the momentum 

difference is increased, the large amounts of turbulent kinetic energy are 

generated in shear layer, where the momentum of the primary flow transfers 

to the secondary flow.  
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In addition, through the parametric study, depending on the geometry and the 

pressure conditions, the two effects (pressure-driven, mixing effect) are 

appropriately contributed to entrain and re-pressurize the secondary flow 

according to the flow structures. However, the overall performances of TVC 

can be expected to be optimal when the pressure-driven effect and mixing 

effect are properly balanced. If the pressure-driven effect increases 

excessively, the choking is generated inside mixing section, which is 

detrimental to the performances of TVC. On the other hand, if the mixing 

effect increases excessively, the large amounts of turbulent kinetic energy can 

cause the loss of performances because a part of the primary flow energy is 

used to maintain turbulence.  

Finally five parameters, highly sensitive to the performances of TVC, are 

derived in the results of the parametric study. Based on the parametric study, a 

design optimization of TVC is conducted. However, the non-linear 

characteristics of TVC performance curve make it difficult to the design 

optimization of TVC.  

 

4.2 Future works 

 The non-linear characteristics of TVC performance curve occur in off-design 

condition, which is single choking mode. Therefore, there is a further need for 

a flow analysis of off-design condition before design optimization of TVC. 

Also, the Critical ER is described as flow structures such as Effective AR, but 

a quantitative analysis of the Critical CR is still not sufficient. Therefore, a 

quantitative analysis of the Critical CR should be performed additionally.  
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국문초록 

기존의 열압축기 성능에 관한 수치해석 연구는 Effective Area의 

개념을 도입하여 열압축기의 성능을 유동 구조와 연결시켜 설명하

고자 하였다. 하지만, Effective Area의 개념은 선행연구자들 사이에

서도 정립이 되지 않았으며, Effective Area 값을 정확하게 계산할 

수 없기 때문에, 정성적인 분석에 그치고 있다. 

본 연구에서는 다양한 조건에서의 열압축기 내 물리현상을 정량

적인 값을 통해 설명하고 유동구조와 성능사이의 관계를 규명하기 

위하여 Effective AR(Aso/Apo) 과 Secondary AR(Asi/Aso)를 새롭게 

정의하였다. 이를 통하여 Effective Area 의 개념을 개선하고 유동구

조를 정량적으로 설명하였다. 또한, 다양한 조건에서 파라메트릭 스

터디를 수행하여 열압축기의 최적설계를 위한 설계변수의 도출하였

다. 

두 가지 정량적인 값을 통해서, TVC의 형상특성이 유동구조와 성

능에 크게 영향을 미치는 것을 확인하였다. Effective AR이 커질수

록, 설계 조건에서의 Entrainment Ratio 값(Critical ER)이 비례하여 

증가하는 결과가 보였으며 이는 질식된(choked) 1차흐름(Primary 

flow)와 2차흐름(Secondary flow)의 영역의 넓이가 성능에 직접적으

로 영향을 미치는 것을 의미한다. 한편, Secondary AR이 커지면 2차 

흐름(Secondary flow)의 속도가 전반적으로 감소하는 결과를 보여준
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다. 이는 1차흐름과 2차흐름 사이의 운동량 차이를 변화시켜 전단층

(shear layer)에서의 혼합효과(Mixing effect)를 변화시킨다. 

이러한 정량적인 분석을 통해, 다양한 조건에서의 파라메트릭 스

터디를 수행하였고 성능에 큰 영향을 미치는 5개의 설계 변수를 도

출하였다. 이를 바탕으로, 열압축기의 최적 설계에 관한 연구를 수

행하였으나 TVC 성능 곡선의 비선형적인 특성으로 인해 최적 설계

가 수행되기 어려운 측면을 확인하였다. 따라서, 열압축기의 최적 

설계에 관한 연구가 수행되기 전에, 열압축기의 비 설계 영역에 대

한 유동 분석이 추가적으로 필요하다.  

 

주요어 : 전산유체역학(CFD),  열압축기, 공력성능, 파라메트릭 스터디, 

Effective AR, Secondary AR, 최적 설계 

학 번  :, 2016-20752 
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