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ABSTRACT 

Steam generator is one of the most important components of 

pressurized-water reactor. This component plays the role of 

heat transfer and pressure boundary between primary and 

secondary side fluids. The Once Through Steam Generator 

(OTSG) is an essential component of the integrated nuclear 

power system. In this paper steady state analysis of primary and 

secondary fluids in the Integral Economizer Once Through 

Steam Generator (IEOTSG) have been presented by Single 

Heated Channel (SHC) and subchannel modelling. Models 

have been programmed by MATLAB and FORTRAN. First, 

SHC model has been used for this purpose (changes are 

considered only in the axial direction in this model). Second, 

subchannel approach that considers changes in the axial and 

also radial directions has been applied. Results have been 

compared with Babcock and Wilcox (B&W) 19-tube once 

through steam generator experimental data. Thermal-hydraulic 

profiles have been presented for steam generator using both of 

models. Accuracy and simplicity of SHC model and importance 

of localization of thermal-hydraulic profiles in subchannel 

approach has been proved. 

 

INTRODUCTION 
Steam generator is a heat exchanger which produces steam 

that is needed for steam turbine in nuclear power plant. It is a 

barrier to separate the primary and secondary coolant sides. 

Heat that is generated in the reactor core is carried by primary 

fluid which transfers this heat to the secondary fluid through 

indirect contact in the steam generator. Problems due to the 

fatigue are usually occurred in 10-15 years of initial plant 

performance and reliability of the steam generator must be 

considered continuously to present reliable and practical 

solutions in order to deal with the different problems. Thermal-

hydraulic analysis of steam generator provides basic necessary 

information to elevate the performance, erosion, corrosion and 

failure caused by vibrations applied by flow field and detection 

and obviation of obstructions, etc[1].Given the importance of 

these, several studies have been done in recent years to evaluate 

the thermal-hydraulic behavior of steam generator. A 

compressible model with fixed boundary was applied to study 

the thermal-hydraulic characteristics of an annular tube once 

through steam generator[2]. Jingyan et al. have presented a 

mathematical model for OTSG with concentric annuli tube 

based on conservation equations[3]. Numerical investigation of 

thermal-hydraulic characteristics in OTSG have been done by 

using a coupled primary and secondary side heat transfer in 

several studies[4, 5]. Some different models have been used to 

model steam generator primary and secondary sides [6-9]. 

Almost in all these models each of primary and secondary sides 

are treated as a single flow channel. In other wordsbehavior and 

characteristics of primary and secondary fluids in all tubes and 

all regions are considered equal in radial direction. In this study 

thermal-hydraulic parameters of primary and secondary fluids 

are modeled with Single Heated Channel (steam generator has 

been considered as a channel in each of the two sides) and 

subchannel (steam generator has been considered as several 

different channels in each of two sides that mass and 

momentum can be exchanged between channels) models. 

Models have been programmed by MATLAB and FORTRAN 

languages. First subchannel model has been validated by 

modeling General Electric 9-fuel rod core, presented in 

THERMIT[10] code and comprising the results. Both of 

models have been applied for B&W 19-tube once through 

steam generator and results have been compared with 

experimental results. The structure of B&W 19-tube OTSG 

have been shown in Figure 1 and 2 and flow specification are 

presented in Table 1. 

 
Figure 1B&W 19-tube OTSG 
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Figure 2B&W 19-tube OTSG cross section(Unit = mm) 

 

Table 1 Flow Specifications and boundary conditions of  

B&W 19-tube OTSG 

 

NOMENCLATURE 
A 

CT 

D 
e 

f (fw) 

F 
g 

G 

h+ 
h 
k (kll) 

KG 

l 
p 

Ph( PH) 

q 
s 

S 

T 
U 

U∗ 
V 

V 
 

w  

w 
 

x 

xc 

 

Area 

Parameter of modeling 

Diameter 
Switch function  

Friction factor coefficient 

Axial mass flow rate 
Earth’s gravity acceleration 

Mass flux 
Dynamic enthalpy 

Enthalpy 

Local loss coefficient 
Overall loss coefficient 

Subchannel-to-subchannel centroid distance 

Pressure 
perimeter 

Heat Flux 

Gap size 

Switch matrix 

Temperature 

velocity component in the axial direction 
Average axial velocity component 

velocity component in the lateral direction 

Reference Velocity 

Lateral mass flow rate 

 

Turbulent mixing 

Thermodynamic quality 

Critical quality 

 
 
Greek Letters 

 

α 

β 

 
 

𝜈(  ) 

𝜌 

𝜌+ 

𝜐 

𝜏 

tp  

im  
 

 
Subscripts 

m 

l 

v 

 

 

 

 
Void fraction 

Turbulent mixing coefficient for a gap with reference 

cent centroid distance 

 

Specific volume 

Density 

Dynamic density 

Phase velocity 

Viscous shear stress  

Two phase friction multiplier 

Fraction of tube total perimeter that actually faces the 

subchannel 

 
 

 

Mixture 
liquid 

vapour 

 

 
OTSG DESCRIPTION 
Reactor coolant that carries thermal energy which is produced 

in the core enters the OTSG from the top and flows downward 

inside the tubes. Secondary fluid enters from bottom and flows 

upward in the shell side. Heat from primary side transfers to the 

secondary side through tube walls and secondary fluid gets 

warm and warmer. Secondary fluid is in subcooled state at the 

entrance. As the heat is added four heat transfer regimes are 

considered respectively[11]: 

 subcooled water : ( ,bulk sat wall satT T T T  ),  

subcooled boiling : ( ,bulk sat wall satT T T T  ), 

saturated boiling : ( , ( ) 1.0bulk satT T quality x  ) and 

superheated vapor : ( ( ) 1.0quality x  ).  

These regions are shown in Figure 3. Heat transfer coefficients 

for each region are different. Dittus-Boelter equation for single 

phase flow and chen's correlations for two phase flow are used 

[11]. Steady state analysis is presented and thermal equilibrium 

homogeneous model is considered for two phase flow. Primary 

fluid remains single phase in the steam generator. 

MODELING 
SINGLE HEATED CHANNEL METHOD (SHC) 

In this method, given geometry is considered as a channel 

that has same equivalent parameters including hydraulic 

diameter, heated area and etc. Basic equations for this method 

are obtained from conservation equations. Mass, momentum 

and energy equations for heating channel with upward flow are 

presented below[12]: 

 

Mass Balance : 

  0m
mG

t z

 
 

   
Momentum Balance : 

300  oC 
Primary fluid output 

temperature 

5.6  m/s 
 

Primary fluid output 

velocity 

15.3  MPa Primary fluid pressure 

251.7  oC 
Secondary fluid input 

temperature 

0.3  m/s 
 

Secondary fluid input 

velocity 

7.4  MPa Secondary fluid pressure 

(1) 
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2

cos
2

m mm m

m

e mm

fG GG G p
g

t z z D
 




  
    

  

 
 
 

 

Energy Balance : 

   
2

h m m m

m m m m

z m e m

q P G G Gp p
h G h f

t z A t D z


 


   

    
   

 
 
 

 

 

Parameters were defined as below: 

 

Mixture density:  

 

Mass flux (average mass flow rate per unit flow area): 

    1
m v vz l lz

G         

Dynamic (or mixing cup) density: 

  2 2

2

1 1
1

v vz l lz

m m
G

    


    

Static mixture enthalpy (averaged over the flow area): 

  1 /m v v l l mh h h      
 

Dynamic mixture enthalpy: 

  1 /m v v vz l l lz mh h h G        
 

In derivation of these equations some assumption were applied: 

 Flow direction is upward(for downward and cooling 

flow just the sign of terms will be changed) 

 Coolant equations are radially averaged. 

 Flow area is considered constant. 

 Same pressure for liquid and steam phase (Pv= Pl = P) 

 Pressure is uniform in the flow area. 

With consideration of thermal equilibrium homogenous two 

phase flow, some parameters of presented equations will be 

changed: 

 2
/

m m v l m m
G G G  


    

m m
h h

  

Using equations (1), (2), (3) and assumptions that have been 

noted, final equations of SHC method for two phase flow will 

be presented as : 

    
1

2in

m m

m m in

m m e

G Gq
h z h p z p f z

m D 
      

acc gravity friction form
p p p p p          

2 2

1

m m

acc

m mz z

G G
p

 
 



  
   
   
   

 

1z

gravity m
z

p gdz


    

2

2

l m m

friction tp

e l

f G G
p z

D



    

2

2

m m

form tp

i l i

G G
p k


 

 
 
 

   

   
1 1

1

2

m m

z z z z

p p m m e

G Gq
T T p p f z

mC C D 
 
     

 
 
 

 

   
1 1 1

2

m m

i i i i form l i i

e l

fG G
p p Z Z p g Z Z

D



  

        

for single phase flow. 

 
SUBCHANNEL APPROACH 

In this method, flow area is divided to the number of 

smaller channels called subchannels and a suppositional 

boundary is considered between adjacent subchannels(Gaps). 

Adjacent subchannels that are in the two side of a gap, 

exchange mass, momentum and energy through these gaps. 

Because of existence of these gaps between subchannels the 

lateral flow is important in this method, though in all the 

equations derived for subchannel approach, this flow is 

considered and also beside the axial momentum equation, 

lateral momentum equation is solved. The basic equations for 

deriving subchannel equations are Navier-Stokes equations[13] 

that have been presented below. Control volume that is used in 

deriving the equations is shown in figure 3 for square array and 

triangular array. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 Subchannelgeometery 

 

Mass Balance : 

The mass balance of Navier-Stokes equation is: 

 . 0

f AVol S

dV V n dA
t

 


 
    

Result of applying this equation to the control-volume shown in 

Figure 4, is:  

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

    1
m v l

      

(9) 

(10) 

(12) 

(14) 

(15) 

(17) 

(18) 

(16) 

(11) 

(13) 

(16) 

(17) 

(19) 
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   . . 0

fVol A s x

dV V n dA V n dA
t

  




  

   
 

Performing the integrations in the equation gives: 

    0
ikx x x

k i

A x UA UA e Vs x
t
   






     


     

Where the summation in the last term on the left-hand side is 

over all transverse gaps, k, associated with the control volume 

(Volf). Dividing equation (21) by x , and taking the limit as 

x approaches zero gives: 

0ik

k i

A F e w
t x




 
  

 


 
Where F is the mass flow rate in the axial primary direction: 

F UA
 

And w is the mass flow per unit length in the lateral direction 

through the gaps: 

w Vs
 

Geometry variations and non-uniform changes in fluid 

density can establish transverse pressure gradients between 

subchannels. Geometry variations include every possibility that 

design features introduce variations in the subchannel flow area 

or the axial pressure gradient. The fluid density is most greatly 

affected by the presence of boiling. Variations in the radial and 

axial heat flux distribution can result in boiling onset in some 

subchannels while the fluid in adjacent subchannels remains in 

the subcooled liquid state. After boiling starts, the pressure 

gradient in the boiling subchannel will differ from that in the 

non-boiling subchannels. The resulting difference will affect 

the cross flow between the subchannels. The axial and lateral 

flow rates are defined in terms of average fluxes. At last finite-

difference form of the mass conservation for axial level J is: 

 1 1 1 1

1
0

n n n n nJ

J J J J ik J

k i

x
A F F x e w

t
 

   






     


  

One of the most important points in subchannel approach is that 

the connection and exchange between subchannels through the 

gaps, implies that the solving of conservation equations must be 

linked and because of that, subchannel approach is solved in the 

matrix form. Thus the vector form of the finite difference 

equation would be useful: 

   
1 1 1 1

11

n n n n
T nJ J J J

J J

J

F F
A S w

t x

 
   


 

  
 

 
 
   

Where
1 1

[S]
T n n

J ik J

k i

w e w
 



 , which [S]  is matrix with switch 

elements(
ik

e ). 

 

Momentum Balance : 

The momentum balance equation as the basis of subchannel 

momentum equation is : 

   . .

f A A A f
Vol S S S Vol

VdV V V n dA PndA n dA gdV
t

   


    

      

In applying equation (27) to the control volume (Figure 3) , 

some assumptions simplify terms of this equation : 

 There is no fluid flow across the walls of tubes, so 

second term of the left-hand side is of interest only on 

the fluid surfaces. 

 The pressure gradient, first term on the right hand side, 

contributes both at the solid walls and within the fluid.  

 The viscous shear stresses are not resolved within the 

fluid in the axial direction so the second term on the 

right-hand side is presented by the stresses due to the 

solid tube walls and viscous stresses within the fluid at 

the interface between subchannels. 

 

Using these assumptions the overall momentum equation will 

be: 

   

 

. .

. (28)

f f f w f

w f

Vol A A A A A A A

A Vol

VdV V V n dA PndA PndA n dA
t

n dA gdV

  

 

  


    



 

    

 

 

Axial Momentum Balance : 

For axial flow, the definition of each term in equation (28) is: 

Momentum flux: 

     2 2
. (29)

f

ik
x x x

k iA A

V V n dA U A U A e UVs   




   
  

 

The wall and fluid pressure forces:  

 
f w

x x x

A A A

PndA PndA A P P




       

 

The viscous shear stresses acting on the tube walls:  

  1
.

2
w

w

ll

hyA

f
n dA x K U U A

D
    

 
  
 

 , 4
w

f f   

The viscous stresses acting within the fluid: 

   .

f

T

k iA A

n dA C x w U


   
 

Volumetric body force:  

cos

f
Vol

gdV A xg      

Parameters of these equations are defined as presented below: 

The friction factor, f  , represents the wall shear stress due to 

the flow parallel to the tubes. llK
, represents the effects of 

local changes in the flow channel geometry. w  is the turbulent 

cross flow per unit length at the subchannel interface. U is 

the axial velocity difference between the subchannel of interest 

and an adjacent one.With substituting given terms in equation 

(28), the axial momentum equation is: 

(21) 

(20) 

(22) 

(23) 

(24) 

(25) 

(26) 

(28) 

(29) 

(30) 

(30) 

(31) 

(32) 

(33) 

(32) 

(33) 
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 

2 1

2

cos (34)

w

ik

k i hy

T

k i

fP
A U U A e UVs A K U U A

t x x D

C w U A g

   

 





  
     

  

  

 
 
 





 

The finite difference form of this equation is: 

          

1 1 1 1

11 1

1 * 1

1
2

2 (35)

n n n n n n

nJ J J J J J

J

J J

T T n

J J J J J

F F P P
U

A t t x

A U S S U w

 



   

 

 

  
  

  

  

     
     
     

  
  

 

      
2

1n

J J J J
K F f

     

1

21

2

1

1

1 1 1

2

1
(37)

J J

J J wf l

J tp

J J J hy l J JJ

J J

J J

J J

A A fK K
K

x A x D x A

A A

A x

 



 

 









 



    
  

 





   
   

  

 

  1
cos

n

J J
f g 


  

 

Lateral Momentum Balance: 

For deriving lateral momentum equation, terms of equation 

(28) are rewritten:  

Pressure difference between the adjacent subchannels: 

 
f w

l l l

A A A

PndA PndA s x P P



      
 

Fluid to wall momentum exchange due to viscosity at tube  

wall:   

1
.

2
w

G

A

ndA K V V s x   
 

LMV

VdV ls x V
t t

 
 

 
 

 
Component of momentum flux in the axial direction: 

     .
x x x

A

V V n dA VU VU ls  


   
 

Substituting these terms in equation (28) and dividing by 

x gives the lateral momentum, equation: 

 
1

2
l l l G

s s
s V s VU P P K V V

t x l l
  

 
   

   
The finite difference form of this equation is: 

 

  

1 * 1 1 * 1 1

11 1

1

1

n n n n n n

nJ J J J J J

J J

J

n

J

w w U w U w s
C w

t x l

s
S P

l

    

 





 
  

 

     
     

    

 
 
 

 

1

2 1

1

2

n
J

J G n
J J

w
C K

s 






 

 * 1 1 11

2

n n n
J ii jjU U U   

 
Energy Balance: 

Navier-Stokes energy balance equation is in the form: 

   . .

f A AVol S S

hdV h V n dA q n dA
t

 


  
   

 
Where: 

fVol

hdV A x h
t t

 
 

 
 

 
Integration over the fluid flow surfaces bounding the control 

volume gives: 

 

     

.

tA A A s x

ikx x x
k i

h V n dA hUdA hVdA

hUA hUA x e hV s

  

  

 




 

     

  


 

Energy exchange between the fluid and tube wall term is: 

 .

w

im H w

m iA

q n dA x P q


   
 

Energy transported by the turbulent fluctuations: 

 m

k i

Q x w h


  
 

Where 
H

P is the total heated perimeter,
im
 , fraction of tube 

surface area that actually faces the control volume and wq 
, the 

heat flux. 

Substitution of these terms in equation (47) gives the energy 

equation for the subchennl approach: 

 ik im H W

k i m i k i

A h UhA e Vhs P q w h
t x
   

  

 
     

 
  

 

And the finite difference form of this equation : 

              

1 1 1

1

1
1 *

1 1 1 1 1 1

1
(53)

n n n n
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




     

 
 

  

    

   
   
   

        

 

J

J

J J fg

F
u

A h
h



 





 
 
 

 

1n

J H im w

m i

q P q




   

 

Finite-Difference equation for pressure: 

Finite difference equations of pressure drop are presented as 

below equations : 

(36) 

(38) 

(39) 

(41) 

(43) 

(45) 

(46) 

(47) 

(48) 

(49) 

(50) 

(51) 

(40) 

(42) 

(44) 

(55) 

(52) 

(54) 

(53) 

(55) 

(54) 

(56) 
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      1 1 1
1

n n n
J J J J J J JP P N x R w x  

    
 

          
1 1

2
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1
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

 
    

 

   
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   

 

        
1 *T T

J J J J
R A B S S U



       

   1 1

1
2

n n

J J J J J J J

x
B U x K A F F

t

 




    



 
  

 

All of the parameters that have been used in the equations have 

been introduced in nomenclature Table. 

TURBULENT INTERCHANGE 
Turbulent interchange is postulated to be associated with 

turbulent eddies that move between the rod gaps. For the 

single-phase flow case physics dictates that there is no net 

exchange of mass between the subchannels. For two phase 

boiling flows this is not the case given the disparate densities of 

the liquid and vapor phases. Unlike the diversion crossflow, the 

turbulent interchange is not obtained from the basic fluid flow 

equations. Empirical correlations are used instead and are 

specified outside the basic equation framework. These 

correlations for two adjacent subchannelsi and j that are 

presented below: 

 

, ,ij ij g ij l
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APPLYING SUBCHANNEL GEOMETERY 
The flow area shown in the Figure 2 for OTSG must be divided 

into the some subchannels in order to apply subchannel 

approach. Figure 4 shows the considered subchannels. There 

are totally 42 subchannels that can be classified in 3 types. 

Twenty four of them are triangular form (central parts), 12 of 

them are rectangular and 6 subchannels are at the corners. 

Obtained geometry after dividing has one over six symmetry 

and includes 3 types of subchannels called A, B and C that are 

shown in Figure 4. Because of symmetry one part is chosen and 

will beanalyzed, so the results can be extended to the same type 

of subchannels. This part includes 7 subchannels, 7 gaps and 6 

tubes. 

 
 

Figure 4 Steam generator cross section, divided into 

subchannels 
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RESULTS 
SHC results 

The algorithm that has been used to calculate primary and 

secondary side fluid temperature and primary and secondary 

wall temperature in SHC method is shown in Figure 5: 

 

 
 

Figure 5Algorithm for calculating primary and secondary 

fluid and wall temperatures 

 

 
 

Figure 6Algorithm for calculating primary and secondary 

side pressure 
 

Calculation of heat transfer from primary side to the 

secondary side has the high degree of importance and can affect 

the results. Also the algorithm of pressure drop calculation has 

been shown in Figure 6. The results have been presented in 

Figure 7to 10. 

 
Figure 7Primary and secondary fluid temperatures 

 

 
Figure 8Primary and secondary wall temperatures 

 

 
Figure 9Secondary fluid pressure drop 

 

 

 

 

 

 

 
Figure 10 Secondary fluid quality distribution 

As can be seen in these figures, as the temperature of primary 

fluid decreases the temperature of secondary fluid increases. 

After beginning the boiling, temperature of secondary fluid 
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remains constant till the quality reaches 1.0 and super heated 

region begins. Results have been presented for a single heated 

channel on behalf of the OTSG and have been compared with 

experimental data [6]. 

 

SUBCHANNEL RESULTS 

Validation of Subchannel Modeling 
Before applying the subchannel modeling on the OTSG, a 9-

fuel rod General Electric's laboratory core has been used to 

validate subchannel modeling. The geometry and boundary 

condition of this core are shown in Figure 11and Table 2. The 

algorithm of calculation in subchannel model is shown in 

Figure 12.  

 

 
 

Figure 119-fuel rod GE's laboratory core geometry  
 

Table 2Boundary Condition for General Electric 9 fuel rod 

core 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Results have been presented in Figure 13to 15and compared 

with the results of THERMIT code. As can be seen on these 

figures results show a great similarity and the ability of 

subchannel code has been cleared.  

 

 

 

 

 

 

 

 

 

Figure 12 Algorithm used in subchannel approach 

 

 
 

Figure 13 Pressure drop in subchannel type 2 and 3 

 

 

 

 

 

 

 

 

 

     300  oC 
Primary fluid output 

temperature 

     5.6  m/s Primary fluid output velocity 

     15.3  MPa Primary fluid pressure 

      251.7  oC 
Secondary fluid input 

temperature 

      0.3  m/s 
Secondary fluid input 

velocity 

      7.4  MPa Secondary fluid pressure 
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  Figure 14 Enthalpy change in subchannel type 3 

 

 
Figure 15 Quality distribution in subchannel type 3 

 
OTSG RESULTS 

The first part of algorithm (Figure 14) in modeling of the 

steam generator (calculating heat transfer from primary fluid to 

the secondary fluid) is almost same with the SHC method. The 

most important difference is that heat transfer must be 

calculated for every given tube that is connected with the 

specified subchannels. Also the portion of tube that is faced 

with those subchannels must be considered. The results are 

presented in Figure 16to 21and have been compared with 

central tube experimental data (experimental data are only 

available for central tube in reference). 

 

 
Figure 16 Secondary side temperature for subchannels 

 

 
Figure 17 Primary side temperature for tubes 

 

 
Figure 18 Inside wall temperatures 

 

 
Figure 19 Secondary wall temperatures 

 

 

As can be seen in these figures, the trend of primary and 

secondary fluids in tubes and subchannels are same as 

experimental data. Behavior of the primary and secondary 

fluids in central tubes and subchannels are very similar to those 

in experiment. The transition points in these tubes and 

subchannels are very close to each other, that is because of the 

similarity of adjacent subchannels that are around central 

tubes(consider tube number 6 and subchannel number 7, or 
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tube number 5 and subchannel number 4,5). Going far from 

central region of shell side which the variety of subchannels 

around each tube increases, the sharper temperature differences 

can be seen in figures 18 to 19(consider tube number 1 and 

subchannel number 1,2,4. or tube number 2 and subchannels 

number 2,3,4,5,6). Flow pattern in every subchannel is affected 

by adjacent subchannels.. Finally pressure profile and quality 

have been shown in Figure 20and 21. 

 

 

 
Figure 20 Secondary side pressure drop 

 

 
 

Figure 21 Secondary side quality distribution 

As can be seen in Figure 21two-phase flow has been happened 

in different height for each subchannel according to its 

situation. 

CONCLUSION  

In this study, primary and secondary fluids of Integral Once 

Through Steam Generator (IEOTSG) is analyzed by Single 

Heated Channel (SHC) and subchannel approach. The SHC 

method is the most popular method that has been used by 

thermal-hydraulic codes and previous researchers that shows 

unique trend and behaviour for primary and secondary fluids in 

all tubes and different locations of shell side of OTSG. Using 

subchannel approach can present a localized profile for each 

tube and all channels (Figure 16to 21). It can provide a good 

platform to see the different regions in each subchannel. Finally 

comparison of results with experimental data can provide an 

appropriate understanding of single heated channel and 

subchannel approach.  
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