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Abstract 

In the proposed Indian Advanced Heavy Water Reactor (AHWR) the coolant re-

circulation in the primary system is achieved by two-phase natural circulation. The two-

phase steam-water mixture from the reactor core is separated in steam drum by gravity. 

Gravity separation of phases may lead to undesirable phenomena – carryover and 

carryunder. Carryover is the entrainment of liquid droplets in the vapor phase. Carryover 

needs to be minimized to avoid erosion corrosion of turbine blades. Carryunder is the 

entrainment of vapor bubbles with liquid flowing back to reactor core. Significant carryunder 

may in turn lead to reduced flow resulting in reduced CHF margin and stability in the 

coolant channel. 

An Air-Water Loop (AWL) has been designed to carry out the experiments relevant to 

AHWR steam drum. The design features and scaling philosophy is described in this report. 
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saaraMSasaaraMSasaaraMSasaaraMSa    

      Pàstaivat BaartIya ]nnat BaarI jala ire@Tr (AHWR) ko p`aqaimak p`NaalaI mao iSatlak ka p`calana iW¹isqatIya p`akRitk saMcalana 

Wara haisala ikyaa gayaa hO. ire@Tr koar sao inaklanao vaalaa iW¹isqatIya Baap¹panaI ka imaEaNa Baap pIpa (drum) mao gau$%vaakYa-Na Wara pRqak 

haota hO. gau$%vaakYa-Na Wara ikyaa jaanao vaalaa pRqa@krNa carryover AaOr carryunder jaOsao Aapi<ajanak isqatIyaao kao janma do saktI 

hO. carryover panaI ko baUMdao ka Baap ko saaqa vahna haonaa hO. Carryover Tbaa-[na blaoD ko kTava / jaMga sao bacanao ko ilae kma  ikyaa 

jaanaa caaihe. carryunder baaYp ko baulabaulaao ka panaI ko saaqa ire@Tr koar mao vahna haonaa hO. Carryunder ko jyaada maa~a sao 

p`akRitk saMcalana p`vaah kma haokr pirNaamasva$p CHF maaija-na tqaa p`vaah isqarta p̀Baaivat haotI hO. 

      Carryover AaOr carryunder ka AQyayana krnao tqaa AHWR Baap pIpa saMbaiQat p̀yaaoga krnao hotU Air-Water Loop 

(AWL) ka AiBaklpna ikyaa gayaa hO. yah irpaoT- AWL ko AiBaklpna ivaSaoYataAaoM kao AaOr Anaumaap pirva-tna isaQdaMtao ka ivavarNa 

p`stut krta hO.      
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1.0 Introduction 

 

The proposed Indian Advanced Heavy Water (AHWR) which is under advanced stage of design 

is a heavy water moderated, boiling light water cooled pressure tube type reactor. The coolant re-

circulation in the primary system is achieved by two-phase natural circulation, which depends on 

the density difference between the hot and cold legs of the primary loop. The two-phase steam-

water mixture leaving the core of the reactor enters the steam drum through tail pipes. The 

steam-water separation is achieved in AHWR steam drum naturally without the use of a 

mechanical separator. Free surface gravity separation is employed for steam-water separation in 

the steam drum. The steam flows to the turbine and separated water is mixed with the subcooled 

feed water at the bottom of steam drum and flows to the reactor core through downcomer and 

feeders. 

 

Steam-water separation without the aid of mechanical separators may not be effective for 

complete separation and may lead to two undesirable phenomena i.e. carryover and carryunder. 

Both these phenomena are essentially the entrainment of one phase by another, and are typical of 

equipment where the relative motion between two phases is encountered. 

 

Carryover is the entrainment of liquid droplets in the vapor phase. Some amount of water in the 

form of small droplets may be carried over with steam to the turbine circuit, if the separation of 

steam-water in the steam drum is not complete. Carryover should be eliminated as much as 

possible to avoid erosion corrosion of the turbine blades. The carryover depends on the 

geometrical parameters of the steam drum like diameter, height available for separation along 

with the operating conditions like pressure and steam velocity. 

 

Carryunder is the entrainment of gas bubbles along with the liquid flowing from steam drum to 

the downcomer. It is particularly undesirable in a natural circulation system, where the driving 

force for the flow is caused by the density difference between hot and cold legs. Significant 

carryunder may in turn lead to reduced CHF margin in the coolant channel. The carryunder 

phenomenon depends on the steam drum diameter, baffle height and baffle spacing as well as 

operating conditions such as pressure, feed water temperature and downcomer velocity. 
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Computer codes GSEP-CO for carryover1 and GSEP-CU for carryunder2 have been developed 

in-house which use correlations for pool entrainment, droplet size distribution and bubble size 

distribution in the steam drum. These codes need to be validated against experimental data. 

 

In the normal operating conditions of the reactor the average core exit quality is about 19.1% 

which corresponds to a void fraction of 82.79%. This causes a swelling in the steam drum (i.e. an 

increase in the steam drum level). The void fraction correlations for the small diameter pipes 

(Such as tail pipes) are available which are validated but for the large diameter pipe or pool (such 

as steam drum) such correlations are not available. In the case of reactor trip the water level in 

the steam drum will fall due to collapse of voids. Therefore, studies are required to know the 

exact void fraction and swelling in the steam drum. In view of this, the measurement will be 

carried out for the pool void fraction and swelling in the steam drum of AWL in order to develop 

the correlations for the void fraction in the pool. 

Model testing in a reasonably large scale facility using steam-water flow is ruled out because of 

the enormous cost involved. Under these circumstances it was decided to carry out experiments 

in a small scale steam drum using air-water flow to generate the above mentioned empirical 

inputs. 

 

In view of the above an Air Water Loop (AWL) has been designed, fabricated, installed and 

commissioned to carry out the experiments relevant to Advanced Heavy Water Reactors 

(AHWR). The steam drum has been scaled down by keeping the superficial velocities same at 

different regions of the steam drum. Calculations of steady state flow for the AWL has been 

carried out for different air flow rates to check the adequacy of the model design. The carryover 

and carryunder analyses have been also carried out using above mentioned codes for the model 

as well as the prototype steam drum with air water. 

 

The objectives, preliminary design features of this loop, results of the steady state analysis and 

the results of the carryunder analyses are described in this report. 
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2.0 Objectives of Air-Water Loop 

 

An AWL has been designed in BARC. This loop will be used to cater to following objectives; 

 

• Investigation of the carryover and carryunder phenomenon in steam drum of AHWR, 

• To measure the swell in the steam drum, 

• To test performance of various steam drum internals i.e. vortex breaker and slug breaker 

plate. 

 

3.0 Brief description of AHWR primary loop 

 

AHWR is a natural circulation based nuclear reactor, where the primary flow is due to the 

difference in densities of the coolant in the hot and cold legs of the primary loop. This difference 

in densities gives rise to a buoyancy force. When the buoyancy force generated is balanced by 

retarding friction forces, the primary flow attains a steady state. The AHWR primary loop 

consists of a common reactor inlet header (RIH) from which 452 inlet feeders branch out to an 

equal number of fuel channels in the vertical core. The outlets from these fuel channels are 

connected to equal number of tail pipes. There are four steam drums. Each steam drum is 

connected to 113 tail pipes. From each steam drum, four downcomer pipes are connected to 

common inlet header. Fig. 1 illustrates the schematic of the main PHT system with the relative 

elevation of the various components and their sizes. 

 

During normal operating conditions the steam drum pressure is maintained at 7 MPa. The level 

of water in the steam drum at nominal operating conditions is 2.2 m. The two-phase mixture 

leaving the core is separated into steam and water in the steam drum.  The steam water 

separation in AHWR steam drum is achieved naturally by gravity separation without the use of 

mechanical separators. At the normal operating condition about 408 kg/s of steam, separated in 

the steam drums, flows into the turbine and an equal mass rate of feed water enters the steam 

drum at 130O C. The outlet temperature of the water from the steam drum is about 261.4O C at 

nominal operating conditions assuming the complete mixing of feed water with saturated water 

in the steam drum. The primary loop circulation rate maintained by the density difference is 
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approximately 2141 kg/s at nominal operating condition. The average core exit quality is about 

19.1 % for the rated reactor operating condition. 

 

4.0 Steam drum of AHWR. 

 

Since the inception of concept of AHWR, steam drum design has been updated at various stages. 

Fig. 2a shows the configuration of AHWR steam drum at the time of design of AWL which is a 

cylindrical vessel (3.75 m ID, 11 m length) closed at both the ends by torispherical heads. The 

two phase steam water mixture produced in the core enters each of four identical steam drums 

through tail pipes connected to the coolant channels. Longitudinal partition plates provided 

inside each steam drum prevents the mixing of the incoming steam with the subcooled feed 

water. The height of the partition plates is such that it remains submerged with water at zero 

power hot shut down condition. Steam is taken out from each steam drum through single steam 

outlet nozzle located at the top of the steam drum. The experimental facility AWL has been 

designed according to this version of steam drum available at that time. 

 

Fig. 2b shows the latest configuration of AHWR steam drum. It is a horizontal pressure vessel 

with cylindrical cross-sectional closed at the ends with torispherical dish heads. The internal 

diameter of steam drum is 4.0 m and total length of vessel is 11.0 m. There are 4 downcomers 

(300 NB Sch. 120 pipe) provided at the bottom centre of steam drum. 113 tail pipes enter into 

steam drum from both sides of the downcomer at different angles as shown in Fig. 2b. 

Longitudinal baffle plates are provided to prevent the two-phase mixture from tail-pipe to enter 

in downcomer region. Lower submerged perforated plate is provided at the top of baffle plate, 

which breaks down large slug bubbles coming from tailpipe into smaller bubbles. This shall 

reduce the fluctuations of the separation interface. Upper submerged perforated plate is provided 

in steam drum pool region just above the centerline. This plate distributes the bubbles in the pool 

and thus functions to reduce the turbulence of the free surface at separation interface. Overhead 

perforated plate offers additional resistance to the steam flow and minimizes the droplets 

entraining in the steam flow. There are four nozzles and piping (200 NB Sch. 120) provided for 

steam collection into the steam collector header (300 NB Sch. 120). Steam is sent from 

collection header to the turbine for power production. 
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Following sections describe the salient features, scaling methodology for this prototype model 

version (3.75 m ID, 11 m length). A section will also address the applicability of the design to 

the latest version of the steam drum design. 

 

5.0 Salient features of AWL 

 

A multi-channel air-water loop (AWL) has been designed and fabricated. Fig. 3 shows the 

schematic of the AWL. It consists of an air-water drum, tail pipes, down comers, storage tank, 

air injection lines, air separation line. The air-water drum simulates 1/8th slice of the prototype 

(with a volume scaling of 1:10), with 14 tail pipes (62.7 mm ID) and one downcomer (97.15 mm 

ID). The air-water drum is fabricated with 15 tailpipe connections, one of which can be blocked 

to simulate 14 tailpipes. One end of these tail pipes and downcomer is connected to the air-water 

drum as in the prototype while other end is connected to a storage tank. The air-water drum has 

three plane surfaces and one SS curved surface. The two plane adjoining sides are made of   

transparent and the curved and third plane side is made of SS. Air is injected at the bottom end of 

the vertical tail pipes. Due to the driving force provided by the density difference a circulation is 

established in the loop. The two-phase flow of air-water mixture then enters the vertical test 

section and passes through the steam drum riser and finally to the separator drum. Traces of 

water in the air are separated through a separator, which is open to the atmosphere as shown in 

the schematic diagram. The total loop occupies a space of 4 m x 7 m x 8 m (floor area × height) 

with a design pressure of 2 bar. Loop flow is generated by natural circulation – density 

difference between single-phase water and two-phase air-water mixture. Fig. 4 shows the 

isometric view of the experimental loop.  Fig.s 5 to 7 show photographs of the facility and its 

components. 

 

6.0 Scaling methodology 

 

As stated earlier, the primary objective of the AWL is to investigate the carryover and carryunder 

phenomenon relevant to AHWR along with the pool swelling phenomenon in the steam drum. 

The scaling of the steam drum has been given primary importance. From the description of the 

prototype steam drum it appears that if torispherical heads are not considered, the locations of 



6 
 

tail pipes and downcomers have a 1/4th symmetry. Therefore for full scale simulation it is only 

required to simulate 1/4th of steam drum with a single downcomer and 28 tail pipes. This requires 

an air flow rate of 41445.0 lpm and a water flow rate of 9546.0 lpm. But the available air flow 

rate is limited to 16986 lpm in Engineering Hall-7, BARC. Hence it has been modeled in such a 

way that it can simulate the 1/8th of a steam drum with 14 tail pipes. The superficial velocities at 

inlet and outlet of the steam drum have been simulated. The loss coefficients at the inlet and 

outlet are also simulated. 

 

For proper scaling of the carry-over and carry-under of the steam drum, the different parameters 

which are preserved are indicated in Table 1.  

 

The detailed calculations are presented in Appendix-A. The different dimensions of the AWL 

steam drum are compared with that of prototype in Table 2. 

 

7.0 Applicability of scaling to latest design of steam drum 

 

In view of the changes that have been incorporated in the prototype steam drum after the AWL 

was scaled and designed, the suitability of scaling to the latest available design has been 

investigated. The scaling parameters as given in Table 1 have been recalculated for prototype 

design. The detailed calculations are presented in Appendix-B. Table 4 shows the comparison of 

scaling parameters for model, earlier prototype and latest revision of prototype. The superficial 

velocities in tail pipe show maximum deviation of 19 %, while the superficial velocities in steam 

drum regions are within +13.82 to -6.62 %. Ratio of steam drum length to diameter differs from 

prototype-2 by 22.6 %. Overall scaling distortion with respect to flow variables has been found 

to be within 20 %.  
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Table 1: Parameters for scaling the AHWR steam drum 

Sr. 

No. 
Parameters for scaling Location in SD 

1. ( ) ( )MTPGPTPG JJ −− =  
Superficial velocity of 

gas in the tail pipe 

2. ( ) ( )MTPLPTPL JJ −− =  
Superficial velocity of 

liquid in the tail pipe 

3. 
MP diameterpipeTail

pitchpipeTail
diameterpipeTail

pitchpipeTail
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
  

  
  

   
Ratio of tail pipe pitch 

and diameter 

4. ( ) ( )MP lossesEntrylossesEntry   =  In to the steam drum 

5. ( ) ( )MRGPRG JJ −− =  
In the riser at baffle top 

level 

6. ( ) ( )MRLPRL JJ −− =  
In the riser at baffle top 

level 

7. ( ) ( )MIFGPIFG JJ −− =  
At interface in the steam 

drum 

8. ( ) ( )MBILPBIL JJ −− =  
Horizontal cross flow 

over the baffle plate 

9. ( ) ( )MBSLPBSL JJ −− =  

In steam drum 

downcomer region 

between the longitudinal 

baffles 

10. ( ) ( )MP downcomeratlossesLocaldowncomeratlossesLocal       =
From steam drum to 

downcomer 

11. ( ) ( )MP exitsteamatlossesLocalexitsteamatlossesLocal         =  
From interface to steam 

drum exit piping 

12 
MP diameterdrumSteam

lengthDrumSteam
diameterdrumSteam

lengthDrumSteam
⎟
⎠
⎞

⎜
⎝
⎛=⎟

⎠
⎞

⎜
⎝
⎛

    
    

    
    

 
Ratio of steam drum 

length and diameter 

13. 
MP diameterdrumSteam

HeightBaffle
diameterdrumSteam

HeightBaffle
⎟
⎠
⎞

⎜
⎝
⎛=⎟

⎠
⎞

⎜
⎝
⎛

    
  

    
   

Ratio of baffle height and 

Steam drum diameter 
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Table 2: Comparison of different dimensions of prototype and Model SD 

Description 

Prototype 

Model 
Latest 

design (Fig. 

2b) 

Earlier 

version (Fig. 

2a) 

Number of tail pipes for 1/8th section of SD 14 14 15 

Tail pipe internal diameter (mm) 110.0 122.24 62.7 

Steam drum inside diameter (mm) 4000.0 3750.0 1916.2 

Steam drum length for 28 channels (mm) 2250.0 2250.0 1154.0 

Baffle spacing (mm) 1000.0 1000.0 423.0 

Baffle height (mm) 0.5340 450.0 194.9 

Interface level (mm) 2200.0 2070.0 1013.5 

Height of steam space (mm) 1800.0 1650.0 902.7 

Number of downcomers for 1/8th section of SD 1 1 1 

Downcomer internal diameter (mm) 273.1 288.89 134.5 

Steam drum volume per unit length (m3/m) 12.566 11.044 2.883 

  

Table 3: Comparison of scaling parameters for prototype and model. 

Sr. 

No. 
Parameters for scaling 

Prototype-1 

(with 3.75 m 

diameter) 

Model 

Prototype-2 

(with 4 m 

dia) 

Deviation 

of model 

with 

prototype -

2 

(%) 

1. ( )TPGJ −  2.1020 2.1020 2.607 -19.37 

2. ( )TPLJ −  0.4840 0.4840 0.5454 -11.25 

3. ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
diapipeTail

pitchpipeTail
  

  
 3.2376 3.2376 3.5454 -8.68 

4. ( )drumsteaminlossesEntry      0.8203 0.8203 0.8584 - 4.43 

5. ( )RGJ −  0.1980 0.1980 0.1922 + 3.06 
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6. ( )RLJ −  0.0456 0.0456 0.0400 + 13.82 

7. ( )IFGJ −  0.0823 0.0823 0.0896 - 8.12 

8. ( )BILJ −  0.0456 0.0456 0.0446 + 2.13 

9. ( )BSLJ −  0.0858 0.0858 0.0918 - 6.62 

10. ( )downcomeratlossesLocal     0.4890 0.4890 0.4886 - 0.07 

11. ( )exitsteamatlossesLocal      0.4994 0.4994 0.4996 - 0.03 

12 ⎟
⎠
⎞

⎜
⎝
⎛

diadrumSteam
lengthDrumSteam
    

    
 0.5979 0.5979 0.4875 + 22.60 

13. ⎟
⎠
⎞

⎜
⎝
⎛

diadrumSteam
HeightBaffle

    
   0.1196 0.1196 0.1335 - 10.39 

 

Table 4: Sizing of different components of AWL 

Sr. 

No. 

Component No.s. Average 

length (m) 

Size/Diameter 

(m) 

Material 

1 Vertical feeder 15 3.6 0.0627 SS 304 L 

2 Horizontal feeder 15 5.0 0.0627 SS 304 L 

3 Tail pipe (1-Ø) 15 0.5 0.0627 SS 304 L 

4 Tail pipe (2-Ø) 15 4.5 0.0627 Acrylic 

5 Steam drum 1 1.154 1.916 Acrylic 

6 Loop downcomer 

pipe 

1 2.0 0.1345 Acrylic 

7 Horizontal 

downcomer 

1 5.0 0.1345 SS 304 L 

8 Vertical downcomer 1 2.0 0.1345 Acrylic 

9 Storage tank 1 1.5 1.2m×1.2m SS 304 L 
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8.0 Experimental Programs  

 

The experiments are planned in the following different phases 

• Experiments for Carryover and Carryunder along with swell level measurement in steam 

drum. 

• Experiments for flow pattern studies in vertical tail pipes 

• Experiments with specified variation of air injection at different tail pipes. 

 

9.0 Instrumentation and parameters to be measured 

 

The different parameters to be measured are as follows 

 

• Air-Water Drum:  Pressure, swell level, pool void fraction and exit entrainment  

• Tail pipes:     Flow rate and pressure drop   

• Downcomer:     Flow rate and pressure drop 

• Entrainment:    Bubble and droplet size 

 

The measurements carried out are as follows: 

 

• Swell in the air-water drum is measured by change in measured levels with and without 

air injection.  

• Flow measurement in the single-phase horizontal pipe is carried out by calibrated pipe 

taps (pipe flow meter).  

• Pressure drop and level measurement is done with differential pressure transducers or 

transmitters.  

• Pressure measurement in the steam drum is carried out using pressure transducer. 

• Entrainment (carryover & Carryunder) is obtained by measuring separated water and 

High Speed Videography. 
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10.0 Pre-test analysis 

 

10.1 Steady state flow analysis 

 

Steady state analysis has been carried out for determining the superficial velocities of phases 

across various sections of the loop. For this purpose loop is simulated as a simple closed loop. 

The different components of the loop have been modeled as shown in Fig. 8. All the tail pipes 

have been lumped in to a single pipe. The following steady state equation has been solved 

iteratively for finding out the flow through loop. 

∫−=Δ+Δ −− dzgPP ρφφ 21  (1)

 

Where, 

 

w

w

ii i

i

iiw

w

ii i

i

ii

W
A
K

AD
fLW

A
K

AD
fLP

ρρφ 22

211

7
22

23

1
221 ∑∑

==
− ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
++⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+=Δ

 
(2)

 

av

T

ii i

i

ii

W
A
K

AD
fLP

ρφ 2

26

4
222 ∑

=
− ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+=Δ  (3)

 

f is calculated based on the Reynolds number estimated assuming the total flow to be water, K is 

the local loss coefficient based on the area changed and the avρ  is estimated as follows 

 

GWav
αρραρ +−= )1(  (4)

 

Initially, the required flow rate of air and water for the model was given as input. The pressure 

drops in single-phase and two-phase regions were calculated. The lengths of the different pipes 

were found out so that the equation (1) was satisfied. For the subsequent analysis, the lengths of 

different pipes were fixed as obtained in the first part. The length and sizes of the different 

components of the loop are tabulated in Table-4. For particular air flow rate the water flow was 

found out from equations (1) to (3) iteratively. The steady state water flow rate is first assumed 
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and pressure drops in various sections of the loop are calculated. For calculation of two phase 

density and two phase pressure drop, void fraction correlation is required. The void fraction in 

tail pipe is determined by Chexal-Lellouche correlation3. The void fraction in the steam drum 

pool is calculated from Kataoka & Ishii model4. 

 

10.2 Carryover analysis 

 

Ishii and Grolmes5 have proposed the entrainment at the surface of pool as a function of physical 

properties. 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ Δ
=

G
LG fE

ρ
ρ   (5)

                    

Where, LGE is the entrainment fraction defined as, 

 

GG

LGL
LG V

VE
ρ
ρ

=  
 

(6)

 

and, the entrainment rate LGε is given by, 

 

GGLGLG VE ρε =       (7)

 

GL ρρρ −=Δ   

(8)

LGV the entrained droplet flux. 

 

Ishii and Grolmes5 proposed the maximum droplet size based on the mechanism of droplet 

formation by bursting of bubbles, based on the pool entrainment theory as, 
n

GCvd −= **
max  (9)
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Where, *
maxd and *

Gv  are the dimensionless maximum droplet diameter and superficial gas 

velocity given by, 

 

( )( )ρσ Δ
=

g
dd *

max  (10)

 

( ) 412

*

G

G
G

g
vv
ρρσ Δ

=  (11)

 

C and n are constants obtained experimentally by Ishii for wide range of pressures. 

 

Mugele and Evans6 proposed that Upper Limit Log Normal (ULLN) distribution function is most 

convenient to use. The ULLN is basically a normal distribution function with transformed 

variable. The normal density function for a variable is given by 

 

( ) ( )22exp ηδ
π
δη −=f  (12)

 

Where η is transformed variable 

 

( ) ( )
η

η
∂
∂

=
ddff  (13)

 

( )
( ) ⎥

⎥

⎦

⎤

⎢
⎢

⎣

⎡

⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

−
−

=
2

max

2

max

max lnexp
dd

ad
ddd

ddf δ
π
δ  (14)

 

Where a and δ are the size and distribution parameters respectively. 

 

Droplet trajectory is analyzed for all the sizes of droplet, under the assumption that only drag and 

buoyancy are acting together.  
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( ) GdGd
L

G
d

L

d vvvv
d

Cg
dt

dv
−−−

Δ
−=  1

4
3

ρ
ρ

ρ
ρ

 (15)

 

Where dC is given by, 

 

d
dC

Re
24

= for 1Re ≤d       (16)

 

5.0Re
5.18

d
dC = for 500Re1 ≤< d     (17)

 

44.0=dC for 200000Re500 << d       (18)

 

If crd is the diameter of the largest droplet reaching at given height of drier ( )hsdh =  then 

entrainment at drier can be written as: 

 

( )dddfdK L

d

hsdhLG

cr

 
6

3

0
)( ρπε ∫==  (19)

 

Where K is obtained from 

 

( )dddfd
K

L

d
hLG

man

 
6

3

0

)0(

ρπ

ε

∫

==  
(20)
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10.3 Carryunder analysis 

 

Computer code GSEP-CU for carryunder2 was used for the carryunder analysis. Carryunder 

analysis was carried out for both the model and prototype with air-water. This code uses 

Petrick’s model7 based on assumption of semi-circular trajectory of liquid particles. Poisson’s 

distribution is employed for bubble size distribution. Bubble trajectory is analyzed to obtain the 

maximum bubble size carried to downcomer. 

 

For the bubble trajectory analysis the liquid flowing from riser to downcomer can be assumed to 

describe circular streamlines, for large interface height ratio 1>DCDH as observed by Petrick7. 

 

First and foremost condition for bubble to get entrained in downcomer is that, its absolute 

velocity should be directed downward, which requires its terminal velocity to be lower than 

liquid velocity in downcomer. Terminal velocity of a bubble is given as: 

 

( )
dL

GL

C
gdV

ρ
ρρ

3
4

0
−

=  (20)

 

Another entrainment condition arises from the fact that the trajectory must fall in the 

downcomer. This condition provides, the pseudo area in the riser causing the carryunder. 

Carryunder prediction comprises of evaluating the volume fraction of the bubbles that could be 

entrained on account of first entrainment condition and evaluation of pseudo area contributing to 

carryunder based on second entrainment condition. At low interface height, some of the bubble 

trajectories arising from pseudo area of riser may intercept the free surface and cause the bubble 

to escape and reduce carryunder. On the other hand at low interface heights higher gas velocity 

due to lower cross-sectional flow area may have the effect of increasing the carryunder. This 

requires accounting two competing effects of height on carryunder. 
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11.0 Results and discussions  

 

The predicted variation of steady state air and water flow rates with void fraction is shown in 

Fig. 9 and 10 respectively. From these Fig.s it is seen that as expected the initial air flow rate 

required increases slowly with void fraction and increases sharply for large void fraction. The 

induced water flow rate increases steeply at low values of void fraction and increases marginally 

at higher void fraction. 

 

The variation of void fraction in tail pipes, steam drum riser and steam drum pool are plotted 

against total flow rate in Fig. 11. From these Fig.s it can be seen that for the lower values total 

flow rates void fraction increase rate is lower for all the locations mentioned above. Increase in 

void fraction is higher at higher flow rates. For every flow rate the void fraction predicted in the 

tail pipe is the largest while in the pool it is lowest. 

 

The superficial velocities in the tail pipe, steam drum riser and steam drum were also estimated 

for model and prototype geometries. The variation of void fraction with air superficial velocity in 

tail pipe is shown in Fig. 12. The variation of void fraction with air superficial velocity is nearly 

same for the model and prototype. 

 

The variation of void fraction with air superficial velocity in the steam drum riser is shown in 

Fig. 13. There is substantial difference in variation of void fraction in model and prototype steam 

drum riser which can be attributed to the variation in curvature of steam drum inside surface. The 

variation in flow area as the flow moves towards the steam drum pool portion is different for 

model and prototype steam drum. 

 

The variation of void fraction with air superficial velocity across the steam water interface is 

shown in Fig. 14. The void fraction variation is identical in model and prototype steam drum. 

 

Fig. 15 shows the variation of critical droplet diameter and maximum droplet diameter with air 

velocity in model and prototype steam drum. The maximum droplet diameter decreases with air 

velocity while the critical droplet diameter increases with air velocity. Two different entrainment 



17 
 

zones are identified as Zone-I and Zone-II. In the Zone-I at lower air velocities the critical 

droplet diameter governs and effective gravity separation is obtained. As the air velocity 

increases in the Zone-II, the maximum droplet diameter available decreases lower than the 

critical droplet diameter and all the droplets are thus entrained in the gas flow. In Zone-II the 

gravity separation is not effective and entrainment is governed by the maximum droplet 

diameter. From Fig. 15 it can be seen that entrainment maps are identical for model and 

prototype steam drum. 

 

In Fig. 16 the variation of carryover with the air velocity is plotted for both the model and 

prototype steam drum. From the Fig. it can be seen that the carryover is negligible at the low air 

velocities and increases sharply at higher air velocities. After certain velocities the carryover is 

equal to the amount of entrainment at the interface. From the Fig. we can conclude that the 

nature of carryover is same for both the model and prototype steam drum. Only difference is the 

velocity at which there is sharp rise in the carryover. 

 

Fig. 17 shows the variation of carryunder with the downcomer velocity for model and prototype 

steam drum. The effect of quality is also plotted on the same curve. From this Fig. it can be seen 

that carryunder initially increases sharply at lower downcomer velocities because with increasing 

downcomer velocity the maximum size of bubble that can be entrained increases sharply. On the 

other hand, beyond certain velocity, the maximum size of bubble carried is equal to largest 

bubble in the riser. At higher velocities the carryunder remains constant/steady. It can be also 

seen that at higher flow qualities the carryunder is high. It is because more bubbles form at the 

higher quality  

 

12.0 Concluding Remarks 

 

An Air-Water Loop has been designed, fabricated, installed and commissioned at Engineering 

Hall-7, BARC, with aim to carry out experiments for investigation of carryover and carryunder 

phenomena in gravity separation of two-phase flow relevant to AHWR steam drum. The scaling 

has been carried out to preserve the important criterion such as superficial velocities of phases at 

various cross-sections of the model and prototype, local momentum losses, geometric constraints 
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like pitch of tail pipes, baffle height to steam drum diameter ratio and steam drum diameter to 

length ratio. The scaling philosophy, results of steady state analysis, carryunder and carryover 

analysis are presented for model and prototype. Tail pipe void fraction can be simulated with 

appropriate air flow rates. Experiments on steady state two-phase natural circulation, 

measurement of carryover and pool void fraction are in progress. 

 

Nomenclature 

 

A  : Cross-section flow area (m2) 

RA  : Area ration 

B  : Baffle 

SB  : Baffle spacing (m) 

d  : Pipe diameter (m) 

D  : Diameter (m) 

G  : Mass flux (kg/m2s) 

H  : Height (m) 

J  : Volumetric flux (m/s) 

IK  : Inlet loss coefficient  

EK  : Exit loss coefficient 

L : Length (m) 

m  : Mass flow rate (kg/s) 

P  : Pitch (m) 

Q  : Volumetric flow rate (m3/s) 

x  : Flow quality 

 

Greek Symbols 

 
ρ  : Density  (kg/m3) 
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Subscripts 

 

a  : Air 

BI  : Baffle interface 

BS  : Baffle space 
g  : Gas 

H  : Height 

IF  : Interface 

L : Liquid 

M  ; Model 

P  ; Prototype 

R  : Riser 

s  : Steam 

SD  : Steam drum 

T  : Total 

TP  : Two phase 

TDC : Total downcomer 

w  : Water 
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APPENDIX-A: SIZING OF VARIOUS COMPONENTS OF AWL 
 

Prototype to model scaling ratio 

 

Reactor operating conditions are as follows: 

Total mass flow rate through core (452 channels) = 2306.0 kg/s 

Total Mass flow rate per steam drum (113 channels) = 576.5 kg/s 

Total Mass flow rate for 28 channels = Tm = 142.85 kg/s. 

Steam flow rate for 452 channels = 405.0 kg/s. 

Steam flow rate for 28 channels = sm = 405.0×28÷452= 25.088 kg/s. 

Volumetric steam flow rate for 28 channels of prototype  = ( )PsQ = 25.088÷36.32  

= 0.69075 m3/s = 41445 lpm. 

Water flow rate for 28 channels of prototype = wm = sT mm − = 142.85-25.088 = 117.76 kg/s 

Volumetric water flow rate for 28 channels of prototype = ( )PLQ = 0.1591 m3/s. 

Flow quality = x = 
T

s

m
m  = 25.088÷142.85 = 0.1756 

Air flow available in Hall-7 = 600 SCFM at 1 atm.  = 600×28.31 = 16986.0 lpm at 1 atm. 

Maximum flow scaling that can be obtained as = 16986.0÷41445.0 = 1/2.453 

Scaling assumed for sizing of components = 1/4 

Therefore, the required air at atmospheric pressure = 41445.0/4=10361.25 lpm  

 

To maintain the superficial velocities of gaseous and liquid phases at various locations in 

prototype and model as equal, it is evident that the flow areas also shall be scaled. Fig. A-1 

shows the simplified cross-sectional view of prototype steam drum. 

 

From Fig. A-1, 

 5.0875.1 2222 −=−= ACOAOC = 1.807 m 

807.1875.1 −=−= OCOBBC = 0.068 m  

=+=+= 450.0068.0CDBCBD 0.518 m 

=−=−= 518.0875.1BDOBOD 1.357 m 
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( ) ( ) =−−=−−= 5.0375.1875.1 2222 DEODOFEF 0.77475 m 

=−=−= 2222 195.0875.1OGOHGH 1.8648 m. 

 

 
Fig. A-1: Simplified cross-sectional view of prototype steam drum 

 

Sizing of tail pipe based on superficial velocities of phases 

Tail pipe inside diameter in prototype, ( ) =PTPd 0.12224 m 

Flow area of 28 tail pipes, ( ) =××= 212224.0
4

0.28 π
PTPA 0.3286053 m2 

Mass flux in prototype, ( )PTP

T
A

mG = =142.85 ÷ 0.3286053=434.72 kg/m2s 

Superficial velocity of gas in prototype, ( )
g

PTPG
GxJ
ρ

=−  = (434.72×0.1756) ÷ 36.32 = 2.102 m/s 

Superficial velocity of liquid in prototype, ( ) ( )
l

PTPL
xGJ

ρ
−

=−
1

 = (434.72×0.8244) ÷ 740.19  

     = 0.484 m/s 

 

O

A
C

E D
F

G H

3.750

2.07

0.518 0.450

1.552

1.0

B
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The required flow area in model = 0.3286053/4 = 0.08215133 m2 

Therefore required ID of a tail pipe in the model = 
π
4

28
0.0821533

× =0.06112 m. 

Nearest available size of pipe is 65 NB Sch. 40 with inside diameter 0.0627 m. Taking tail pipe 

ID as ( ) =MTPd 0.0627 m, the flow area for 28 pipes in the model ( ) =MTPA 0.086453582 m2. 

Keeping the same superficial velocities, i.e. ( )PTPGJ −  = 2.102 m/s and ( )PTPLJ −  =0.484 m/s. 

Volumetric air flow, ( ) ( )MTPPTPGa AJQ ×= −  = 2.102×0.086453582  

= 0.18172543 m3/s = 10903.53 lpm. 

Volumetric water flow, ( ) ( )MTPPTPLw AJQ ×= − = 0.484×0.086453582  

          = 0.0418435 m3/s = 2510.61 lpm. 

 

Tail pipe pitch and tail pipe diameter in the model 

 

For 
MP diapipeTail

Pitch
diapipeTail

Pitch
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
    

         
( )
( )

( )
( )MTP

M

PTP

P

d
P

d
P

=
 

( ) ( )
( ) ( )MTP

PTP

P
M d

d
PP =

        
( ) 450.0

12224.0
0627.0

×=MP
 

( )MP =0.2308 m. 

With a pitch of 0.2308 m the length of steam drum, ( )MP =5×0.2308 = 1.154m 

 

Sizing of steam drum riser portion based on entry losses (Tail pipe to steam drum) and 

superficial velocities of phases. 

 

For steam drum riser in prototype at baffle’s top, ( ) 5495.177475.022 =×=× PEF m. 

Flow area in riser portion (at the top of baffle plates) of prototype, ( )PRA = 1.5495×2.25 = 

3.486375 m2. 

To keep entry losses in the drum same in model and prototype i.e. 

( ) ( )MP drumthetoinlossesEntrydrumthetoinlossesEntry           =  
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( ) ( ) ( )
( )

( )
( )

( )
( )

( )
( ) ( ) ( )

( ) ( )PR
PTP

MTP
MR

MR

MTP

PR

PTP

MR

MTP

PR

PTP
MIPI A

A
A

A
A
A

A
A

A
A

A
A

KK =⇒=⇒⎥
⎦

⎤
⎢
⎣

⎡
−=⎥

⎦

⎤
⎢
⎣

⎡
−⇒=

22

11
 

( ) 9171397.0486.3
3286053.0

08645352.0
=×=MRA m2 

Superficial velocity of gas in prototype, ( ) ( ) 1981.0
486375.3
6907.0

===−
PR

s
PRG A

QJ m/s 

Superficial velocity of gas in model, ( ) ( ) 1981.0
9171397.0
18172543.0

===−
MR

a
MRG A

QJ m/s 

Superficial velocity of liquid in prototype, ( ) ( ) 0456.0
486375.3

1591.0
===−

PR

L
PRL A

QJ m/s 

Superficial velocity of liquid in the model ( ) ( ) 0456.0
9171397.0
0418435.0

===−
MR

w
MRL A

QJ m/s 

Thus the superficial velocity of liquid and gas in riser region at top of baffle plate would be 

conserved if ( ) 917238903.0=MRA m2 

Now, ( ) ( )
( ) 795.0

154.1
9171397.02 ===×

MSD

MR
M L

AEF m 

 

Sizing of interface area (at gravity separation of phases) based on superficial velocities of 

phases. 

For steam drum at interface in prototype, ( ) 7296.38648.122 =×=× PGH m 

Interface area in SD of prototype, ( ) 3916.825.27296.3 =×=PIFA m2 

Superficial velocity of gas at interface of steam and water separation,   

( ) ( )
( ) 0823.0

3916.8
6907.0

===−
PIF

Ps
PIFG A

Q
J m/s 

Volumetric air flow rate in the model, 53.10903=aQ lpm = 0.18172543 m3/s 

For maintaining superficial gas velocity at interface equal in model and prototype, 

( ) ( ) ( ) ( ) 2080.2
0823.0

18172543.0
===⇒=

−
−−

PIFG

a
MIFMIFGPIFG J

QAJJ m2 
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For steam water interface in model ( ) ( )
( ) 913.1

154.1
2080854.22 ===×

MSD

MIF
M L

AGH  m    

 

Sizing of phase separation interface height and cross flow area based on superficial 

velocities of phases. 

 

Cross flow area in steam drum above baffle plates of prototype (i.e. between the riser top to the 

steam water separation interface), ( ) ( ) 492.3518.007.225.2 =−×=PBIA m2 

Superficial velocity of liquid, ( ) ( )
( ) 0456.0

492.3
1591.0

===−
PBI

Pl
PBIL A

Q
J m/s 

For scaling of cross flow area, 

 ( ) ( ) ( ) ( )
( ) 917620614.0

0456.0
0418435.0

===⇒=
−

−−
PBIL

Ml
MBIMBILPBIL J

QAJJ m2 

Interface height from baffle top in model, ( ) ( )
( ) 796.0

154.1
917620614.0

===
MSD

MBI
MBI L

AH m 

 

Sizing of steam drum downcomer region based on superficial velocity of liquid phase. 

Baffle spacing in prototype, ( ) 0.1=PSB m 

Baffle length, ( ) 25.2=PSL m 

Flow area between baffle spacing, ( ) 25.20.125.2 =×=PBSA m2 

Total downcomer flow rate, ( ) 192990988.0
19.740
85.142

==PTDCQ m3/s 

Superficial velocity of liquid, ( ) ( )
( ) 0858.0

25.2
192990988.0

===−
PBS

PDC
PBSL A

Q
J m/s 

For maintaining liquid superficial velocity in downcomer region same in model and prototype, 

( ) ( ) ( ) ( )
( ) 48768648.0

0858.0
0418435.0

===⇒=
−

−−
PBSL

MTDC
MBSMBSLPBSL J

Q
AJJ m2 

Baffle spacing in model, ( ) ( )
( ) 423.0

154.1
48768648.0

===
MSD

MBS
MS L

A
B m 
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Sizing of downcomer pipe based on exit losses. 

 

Downcomer pipe ID in prototype, ( ) 28889.0=PDCd m 

Flow area of down comer pipe in prototype, ( ) 065547313.028889.0
4

2 =×=
π

PDCA m2 

For scaling 

( ) ( )MP downcomertodrumthefromlossesExitdowncomertodrumthefromlossesExit             =  

( ) ( ) ( )
( )

( )
( )

( )
( )

( )
( )MBS

MDC

PBS

PDC

MBS

MDC

PBS

PDC
MEPE A

A
A
A

A
A

A
A

KK =⇒⎥
⎦

⎤
⎢
⎣

⎡
−=⎥

⎦

⎤
⎢
⎣

⎡
−⇒=

75.075.0

15.015.0

 

( ) ( )
( ) ( ) 01420735.04876848.0

25.2
065547313.0

=×== MBS
PBS

PDC
MDC A

A
A

A m2 

Therefore required ID of the down comer pipe in the model; 

( ) 134496692.040.01420735 =×=
πMDCd m 

Nearest available pipe is 125 NB Sch 10 with ID=0.1345 m. 

 

Sizing of exit pipe based on exit losses. 

Steam exit pipe ID in prototype, ( ) 28889.0=PSEd m 

Flow area of steam exit pipe in prototype, ( ) ( ) ( ) 004060453.028889.0
4452

28 2 =⎟
⎠
⎞

⎜
⎝
⎛=
π

PSEA m2 

( ) ( )MP pipesteamtodrumthefromlossesExitpipesteamtodrumthefromlossesExit               =  

( ) ( ) ( )
( )

( )
( )

( )
( )

( )
( )MIF

MSE

PIF

PSE

MIF

MSE

PIF

PSE
MEPE A

A
A
A

A
A

A
A

KK =⇒⎥
⎦

⎤
⎢
⎣

⎡
−=⎥

⎦

⎤
⎢
⎣

⎡
−⇒=

75.075.0

15.015.0
 

( ) ( )
( ) ( ) 001131731.09717238903.0

3916.8
004060453.0

=×== MIF
PIF

PSE
MSE A

A
A

A m2 

Therefore, the required ID of a air exit pipe in the model; 

( ) 03796.0410.00113173 =×=
πMSEd m 

Nearest available size of pipe is 40 NB Sch 40 with ID = 0.0409 m. 
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Sizing of steam drum diameter based on ratio of steam drum length to drum diameter. 

 
MP diadrumSteam

lengthDrumSteam
diadrumSteam

lengthDrumSteam
⎟
⎠
⎞

⎜
⎝
⎛=⎟

⎠
⎞

⎜
⎝
⎛

    
    

    
    

 
( )
( )

( )
( ) ( ) ( )

( ) ( ) 75.3
25.2

154.1
×==⇒= PSD

PSD

MSD
MSD

MSD

MSD

PSD

PSD D
L
L

D
D
L

D
L

 

    
( )MSDD = 1.924 m. 

 

 Sizing of baffle height based on ratio of baffle plate height to drum diameter. 

MP diadrumSteam
HeightBaffle

diadrumSteam
HeightBaffle

⎟
⎠
⎞

⎜
⎝
⎛=⎟

⎠
⎞

⎜
⎝
⎛

    
  

    
  

 

Therefore    m 

( )
( )

( )
( ) ( ) ( )

( ) ( ) 924.1
75.3
45.0

×==⇒= MSD
PSD

PH
MH

MSD

MH

PSD

PH D
D
BB

D
B

D
B

    
 

 ( )MHB = 0.23088 m. 

The cross-sectional area of AWL steam drum is shown in Fig. A-2 as below 

 

 
Fig. A-2: Cross-sectional area of model steam drum 

O

A
C

E D
F

G H

1.916

1.01

0.217 0.195

0.796

0.423
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Though the steam drum diameter and baffle plate height calculated as above are 1.924 m and 

0.230 m respectively, but to keep the consistency in the other parameters and overall dimensions 

of the steam drum and associated piping, these were taken as 1.916 m and 0.195 m respectively. 
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APPENDIX-B: Applicability of AWL scaling to the latest design of AHWR 

steam drum 
According to the specifications of the latest design of AHWR: 

Total core flow rate (452 channels) = 2141 kg/s. 

Total mass flow rate per steam drum (113 channels) = 535.25 kg/s. 

Total mass flow rate for 28 channels = Tm  = 132.63 kg/s. 

Steam flow rate for 452 channels = 408.0 kg/s. 

Steam flow rate for 28 channels = sm = 408.0×28÷452= 25.274 kg/s. 

Volumetric steam flow rate for 28 channels of prototype  = ( )PsQ = 25.274÷36.32  

= 0.69587 m3/s = 41752.20 lpm. 

Average core exit quality = 19.1%. 

Water flow rate for 28 channels of prototype = wm = sT mm − = 132.63-25.274 = 107.356 kg/s 

Volumetric water flow rate for 28 channels of prototype = ( )PLQ = 107.356÷740.16= 0.14504 

m3/s. 

Steam drum diameter of prototype = ( )PSDD = 4.0 m 

Prototype steam drum length = ( )PSDL =11.0 m. 

Tail pipe ID in prototype = ( )PTPD = 0.110 m. 

A simplified cross-section of the steam drum is as shown in Fig. B-1. 

 

From Fig. B-1, 

 5.00.2 2222 −=−= ACOAOC = 1.936 m 

OCOBBC −= = 2.0-1.936 = 0.064 m  

=+= CDBCBD 0.064+0.534= 0.6 m 

=−= BDOBOD 2.0-0.6 = 1.4 m 

( ) ( ) =−−=−−= 5.04.12 2222 DEODOFEF 0.9283 m 

=−=−= 2222 2.02OGOHGH 1.99 m. 
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Fig. B-1: Simplified schematic of latest version of prototype steam drum. 

 

Superficial velocities of phases in tail pipe 

Tail pipe inside diameter in prototype, ( ) =PTPd 0.110 m 

Flow area of 28 tail pipes, ( ) =××= 2110.0
4

0.28 π
PTPA 0.26609 m2 

Mass flux in prototype, ( )PTP

T
A

mG = =132.63 ÷ 0.26609 = 498.435 kg/m2s 

Superficial velocity of gas in prototype, ( )
g

PTPG
GxJ
ρ

=−  = (498.435×0.19) ÷ 36.32 = 2.607 m/s 

Superficial velocity of liquid in prototype, ( ) ( )
l

PTPL
xGJ

ρ
−

=−
1

 = (498.435×0.81) ÷ 740.19  

     = 0.5454 m/s. 

The superficial velocity of gas in model= ( )MTPGJ − = 2.102 m/s (Refer to Appendix-A)  

The superficial velocity of liquid in model= ( )MTPLJ − = 0.484 m/s (Refer to Appendix-A)  

O

A
C

E D
F

G H

4.0

2.2

0.6 0.534

1.0

B
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Thus comparing the superficial velocities in model and prototype tail pipes it is found that the 

simulated gas and liquid superficial velocities deviate from prototype by -19% and -11% 

respectively. 

 

Ratios of Tail pipe pitch and tail pipe diameter in the model and prototype 

PdiapipeTail
Pitch

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
  

= 0.390÷0.110 = 3.5454 

MdiapipeTail
Pitch

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
  

= 0.203÷0.0627 = 3.2376 

Thus the above ration in model deviates from prototype by -8.68 %.  

 

Entry losses from Tail pipe to steam drum riser portion 

For steam drum riser in prototype at baffle’s top, ( ) 8566.19283.022 =×=× PEF m. 

Flow area in riser portion (at the top of baffle plates) of prototype, ( )PRA = 1.8566×2.25 = 

3.62037 m2. 

( ) ( )
( )

2

1 ⎥
⎦

⎤
⎢
⎣

⎡
−=

PR

PTP
PI A

A
K = 0.85840 

For model, 

( ) 917238903.0=MRA m2 (refer Appendix-A) 

( ) 08645.0=MTPA m2  

( ) ( )
( )

2

1 ⎥
⎦

⎤
⎢
⎣

⎡
−=

MR

MTP
MI A

A
K =0.8203 

The local loss coefficient from tail pipe to steam drum riser portion in model deviates from 

prototype by -4.43% only. 

 

Superficial velocities of phases at steam drum riser portion. 

Superficial velocity of gas in prototype, ( ) ( ) ===− 62037.3
69587.0

PR

s
PRG A

QJ
 
0.19220 m/s 
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Superficial velocity of gas in model, ( ) ( ) 1981.0
917238903.0
18172543.0

===−
MR

a
MRG A

QJ m/s 

Superficial velocity of liquid in prototype, ( ) ( ) ===− 62037.3
14504.0

PR

L
PRL A

QJ 0.04006/s 

Superficial velocity of liquid in the model ( ) ( ) 0456.0
917238903.0

1591.0
===−

MR

w
MRL A

QJ m/s 

Thus the superficial velocity of gas and liquid at steam drum riser portion for the model deviates 

from prototype by +3.06% and +13.82 % respectively. 

 

Superficial velocity of gas at interface of phase separation. 

For steam drum at interface in prototype, ( ) 98.399.122 =×=× PGH m 

Interface area in SD of prototype, ( ) =×= 950.198.3PIFA 7.761 m2 

Superficial velocity of gas at interface of steam and water separation,   

( ) ( )
( ) ===− 761.7

69587.0

PIF

Ps
PIFG A

Q
J

 
0.089662 m/s 

Superficial velocity of gas in model at interface = ( ) 0823.0=− MIFGJ
 
m/s (refer to Appendix-A) 

The superficial velocity of gas at interface in model deviates from prototype by -8.21 %. 

 

Superficial velocity of liquid at cross flow area above the baffle plate 

Cross flow area in steam drum above baffle plates of prototype (i.e. between the riser top to the 

steam water separation interface), ( ) ( ) =−×= 534.02.2950.1PBIA 3.2487 m2 

Superficial velocity of liquid, ( ) ( )
( ) ===− 2487.3

14504.0

PBI

Pl
PBIL A

Q
J 0.04464 m/s 

Superficial velocity of liquid at cross flow area above baffle plate for the model = 

( ) 0456.0=− MBILJ  m/s (refer to Appendix-A) 

Thus the superficial velocity of liquid at cross flow area above baffle plate for the model deviates 

from the prototype by +2.13 %. 
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Superficial velocity of liquid in downcomer region of steam drum  

Baffle spacing in prototype, ( ) 0.1=PSB m 

Baffle length, ( ) 95.1=PSL m 

Flow area between baffle spacing, ( ) 95.10.195.1 =×=PBSA m2 

Total downcomer flow rate, ( ) 17918.0
19.740
63.132

==PTDCQ m3/s 

Superficial velocity of liquid, ( ) ( )
( ) ===− 95.1

17918.0

PBS

PDC
PBSL A

Q
J 0.09187 m/s 

Superficial velocity of liquid in down comer region for model = ( ) 0858.0=− MBSLJ  m/s (refer 

Appendix-A) 

Thus superficial velocity of liquid in down comer region for model deviates from prototype by  

 -6.62 %. 

 

Local losses in down comer region 

Loop downcomer pipe ID in prototype, ( ) 2731.0=PDCd m 

Flow area of down comer pipe in prototype, ( ) 05857783.02731.0
4

2 =×=
π

PDCA m2 

( ) ( )
( ) 48869.0

95.1
05857783.015.015.0

75.075.0

=⎥⎦
⎤

⎢⎣
⎡ −=⎥

⎦

⎤
⎢
⎣

⎡
−=

PBS

PDC
PE A

A
K

 
Loop downcomer pipe ID in model, ( ) 1345.0=MDCd m 

Flow area of down comer pipe in model, ( ) 0142080.01345.0
4

2 =×=
π

MDCA m2 

( ) ( )
( ) 4890.0

4876848.0
0142080.015.015.0

75.075.0

=⎥⎦
⎤

⎢⎣
⎡ −=⎥

⎦

⎤
⎢
⎣

⎡
−=

MBS

MDC
ME A

A
K  

Thus the local loss from downcomer region to downcomer pipe in model deviates from prototype 

by +0.07 %. 

 

Local loss at exit of steam drum 

Steam exit pipe ID in prototype, ( ) 18258.0=PSEd m 
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Flow area of down comer pipe in prototype,  

( ) ( ) ( ) 006487477.018258.0
4452

28*0.4 2 =⎟
⎠
⎞

⎜
⎝
⎛=
π

PSEA m2 

Exit losses from steam drum in prototype 

( ) ( )
( ) 49968.0

761.7
006487477.015.015.0

75.075.0

=⎥⎦
⎤

⎢⎣
⎡ −=⎥

⎦

⎤
⎢
⎣

⎡
−=

PIF

PSE
PE A

A
K  

Exit losses from stem drum in model 

( ) ( )
( ) 49949.0

971723.0
00131382.015.015.0

75.075.0

=⎥⎦
⎤

⎢⎣
⎡ −=⎥

⎦

⎤
⎢
⎣

⎡
−=

MIF

MSE
ME A

A
K

 

Thus the local losses at steam drum exit for model deviates from prototype by -0.039%. 

 

Ratio of steam drum length to diameter 

5979.0
93.1

154.1
    

    

4875.0
0.4

95.1
    

    

==⎟
⎠
⎞

⎜
⎝
⎛

==⎟
⎠
⎞

⎜
⎝
⎛

M

P

diadrumSteam
lengthDrumSteam
diadrumSteam

lengthDrumSteam

 

Thus the ratio of steam drum length to steam drum diameter in model deviates from prototype by 

+22.6 %. 

 

Ratio of baffle height to drum diameter. 

119626.0
93.1

23088.0
    

  

1335.0
4
534.0

    
  

==⎟
⎠
⎞

⎜
⎝
⎛

==⎟
⎠
⎞

⎜
⎝
⎛

M

P

diadrumSteam
HeightBaffle

diadrumSteam
HeightBaffle

 

Thus the ratio of baffle height to drum diameter in model deviates from prototype by -10.39 %. 
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Fig. 1: Schematic of PHT system of AHWR 
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Fig. 2a: Prototype steam drum (previous version) 
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Fig. 4: Isometric view of Air Water Loop 
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Fig. 5: Air water drum and Water tank 

 
 

 
Fig. 6: Air injection Header and Air 

injection lines. 

 
Fig. 7: Tail pipes and Air injection lines. 
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Fig. 9: Air flow rate variation with void fraction 

 

 
Fig. 10: Variation of water flow rate with void fraction 
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Fig. 11: Variation of void fraction in tail pipe, steam drum riser and steam drum pool 

 

 
 

Fig. 12: Comparison of void fraction in tail pipe 
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Fig. 13: Comparison of void fraction in steam drum riser 
 

 
 

Fig. 14: Comparison of void fraction at steam water interface 
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Fig. 15: Comparison of maximum droplet and critical diameter for model and prototype 
steam drum 

 

 
 

Fig. 16: Effect of air velocity on carryover for model and prototype steam drum 
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Fig. 17: Effect of air velocity on carryunder for model and prototype steam drum 
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