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Abstract 
 

A one-dimensional, integrated flow model is formulated to analyze single- and two-phase 
flow characteristics in the primary side of vertical, inverted U-tube steam generators. It is 
shown that flow excursion instability can exist in the flow inside the U-tubes under certain 
low-flow conditions. A stability criterion for the flow excursion is derived and its physical 
interpretation is given. Heterogeneous flow behaviors in multiple U-tubes are also discussed. 
 

1. Introduction 
 

Natural circulation is an essential shutdown decay heat removal mechanism during 
transients or accidents occurring in pressurized water reactors (PWRs) following loss of 
forced circulation [1]. The necessary ingredients for natural circulation are a heat source, a 
heat sink at an elevation above the heat source, and a continuous path between the two. 
Events leading to natural-circulation cooling include the loss of off-site power, common-
mode reactor coolant pump (RCP) failures, and operator termination of forced circulation. 
The latter, which may occur during a small-break loss-of-coolant accident, is of particular 
interest because there is a potential for loss of primary coolant inventory caused by larger 
breaks or when makeup coolant is not provided.  

There are three distinct modes of natural circulation in PWR plants having U-tube steam 
generators (UTSGs): single-phase liquid, two-phase mixture (liquid continuous), and reflux 
condensation [2, 3]. The occurrence of a given natural circulation mode depends primarily on 
the primary system mass inventory. In this paper, the primary-side flows (i.e., the flow inside 
U-tubes) of the UTSG under single-phase and two-phase natural circulation are analyzed.  

Generally, a UTSG has several hundreds or thousands of vertical, inverted U-tubes, of 
which the tube lengths are different. For example, the UTSGs of Kori 3 & 4 and Yonggwang 
3 & 4 plants have 5626 and 8214 U-tubes, respectively. In the LSTF facility [2, 3], which is a 
1/48 volume-scaled, full-height model of a Westinghouse-type 4-loop PWR, there are 141 U-
tubes having 9 different heights and the tube lengths range from 19.04 m to 22.27 m. Under 
forced-circulation condition, the flow behaviors in these U-tubes are very similar except for 



slightly different mass flow rates. Even for natural-circulation condition, it is generally 
assumed that the flow rates in the U-tubes are almost the same. However, from some 
experiments under single- or two-phase natural circulations, it is known that flow behaviors 
in the multiple U-tubes are quite heterogeneous [2 ~ 5]. Kukita et al. [2] presented the results 
of natural circulation experiments conducted in the LSTF facility. The results showed that 
under certain flow conditions the flow in longer U-tubes was stagnant or reversed in direction, 
whereas the flow in short tubes was in the normal direction. Non-uniform flow behaviors in 
the multiple U-tubes were also observed in the BETHSY facility during mid-loop operation 
experiments [5]. These behaviors might be evoked from static and/or dynamic instabilities.  

In Section 2, to analyze the flow characteristics in the U-tubes, a one-dimensional, 
integrated flow model is formulated. Using the flow model, it is shown that flow excursion 
instability can exist under certain low-flow conditions. A stability criterion for the flow 
excursion is derived and its physical interpretation is also given. This flow characteristic 
evokes non-uniform flow behavior in the multiple U-tubes with different tube lengths. In 
Section 3, the heterogeneous flow behaviors are discussed. Finally, the conclusions are given 
in the last section. 
 

2. Flow Characteristic in a U-tube 
 

Figure 1 shows a schematic of the UTSG. In this section, steady-state pressure drop 
characteristic in a U-tube is derived, which is later used for demonstrating the existence of 
flow excursions. To derive the pressure drop versus flow rate in a U-tube, it is sufficient to 
adopt a one-dimensional momentum equation:  
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where s is the coordinate for integration along the U-tube. 
Integrating the one-dimensional momentum equation from inlet to exit plenum (see Fig. 2), 

we obtain the following equation: 
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where UAm ρ=&  (mass flow rate in a U-tube), 

Cρ  and Hρ : average densities for the cold and hot sides of the U-tube, respectively.  
The first term in the right-hand side (RHS) of Eq. (2) is total pressure drop between the inlet 
and exit plenums. The second and third terms are frictional loss and form loss (irreversible 
loss terms), respectively. The fourth term represents spatial acceleration, which is negligible 
for the flow inside U-tubes in comparison with other terms. The last term is gravitational 
head.  

For steady state, the total pressure drop can be approximated as: 
ei PPP −=∆  
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where the spatial acceleration term is neglected. 
 



Inlet 
plenum
Outlet 
plenum

Secondary side

Feed
water

Steam

Primary side

Inlet 
plenum
Exit 
plenum

Secondary side

Feed
water

Steam

Primary side

Two-phase
mixture

Separator

Inlet 
plenum
Outlet 
plenum

Secondary side

Feed
water

Steam

Primary side

Inlet 
plenum
Exit 
plenum

Secondary side

Feed
water

Steam

Primary side

Two-phase
mixture

Separator

             

H

Pinlet Pexit

g

Pi Pe

ds

Hot 
side

Cold
side

m
.

H

Pinlet Pexit

g

Pi Pe

ds

Hot 
side

Cold
side

m
.

    Pinlet Pexit

g

L��

Pi Pe

ds

Two-phase 
region

Single-phase region 

Pinlet Pexit

g

L��

Pi Pe

ds

Two-phase 
region

Single-phase region 

 
Fig. 1. A schematic of the UTSG.     Fig. 2. Primary side modeling: single- and 

two-phase cases. 
 

To analyze flow characteristics inside the U-tubes, it’s necessary to represent the 
gravitational head in terms of mass flow rate. Hereinafter, for simplicity, it is assumed that the 
tube height is half the tube length, that is, H=L / 2. 
 
2.1 Single-Phase Flow inside the U-tubes 
 

Single-phase liquid flow is considered first. Water density can be approximated as a 
function of temperature for a small temperature range: 

[ ])(1)( oo TTT −−= βρρ .                                                    (4) 

Then, the gravitational head is written as: 

)()( CHoHC TTHgHg −=− βρρρ                                                (5) 

where HT  and CT  are average coolant temperatures of hot and cold sides, respectively. Next, 
to obtain the primary-side coolant temperature distribution in the U-tube, a steady-state 
energy balance is used. The energy balance for a small differential element of the U-tube 
shown in Fig. 2 is written as 
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where secTT pri ≥ .          

It is assumed that coolant in the secondary side of the U-tubes is saturated and Tsec is uniform 
in the tube bundle region. The overall heat transfer coefficient U1φ is also assumed to be 
uniform along the U-tube. This assumption involves a little error but yields reasonably good 
approximation to the primary-side temperature profile [6]. Integrating Eq. (6) from the inlet 
to a certain location s, we obtain the primary-side coolant temperature at the location; 
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where sec
1 TTT pri

inlet −=∆ φ , 

po CUD /1φπξ = .  

Using Eq. (7), CT  and HT  can be obtained. Inserting them into Eq. (5), Equation (3) is 
represented as follows: 
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2.2 Two-Phase Flow inside the U-tubes  
 

When two-phase mixture enters the U-tube, three flow conditions are possible; (i) vapor is 
completely condensed in the up flow region, (ii) vapor is completely condensed in the down 
flow region, and (iii) vapor is not completely condensed even at the exit. In the second and 
third cases, stable two-phase natural circulation may not continue. In this paper, the first case 
is considered only and, for simplicity, it is assumed that two-phase flow in the U-tube is 
homogeneous and equilibrium. Then, the density of two-phase mixture is given as:  
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where x(s) is the thermal equilibrium quality defined by 
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Local mixture enthalpy h(s) can be obtained from the energy balance: 
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From Eqs. (9) and (11), two-phase mixture density can be obtained. For single-phase region, 
the density is given as 
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Using Eqs. (9) through (12), Hρ  and Cρ  are obtained:  
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For two-phase flow, the irreversible loss terms can be approximated as follows: 
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In Eq. (15), it is assumed that the form loss occurs in the single-phase region only. Inserting 
Eqs. (13) through (15) into Eq. (3) yields 
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The first and second terms in the RHS of Eq. (16) are single- and two-phase frictional 
pressure losses. The third and fourth terms represent the gravitational head. It is noted that Eq. 
(8) is a particular case of Eq. (16); that is, if inlet quality xi in Eq. (16) is zero, Eq. (16) is 
reduced to Eq. (8).  
 
2.3 Flow Excursions  
 

Both Eq. (8) and Eq. (16) represent the total pressure drop as a function of mass flow rate. 
They show that the gravitational head initially decreases and asymptotically converges to a 
certain value (zero in the case of single-phase flow) as the mass flow increases, whereas the 
irreversible loss increases nonlinearly as the mass flow increases. Due to the competing effect 
of the two terms, total pressure drop decreases with increasing flow under low-flow condition 
as can be seen in. Fig. 3, and has a minimum at point A. Due to the flow characteristic, a flow 
excursion can occur at point A. 

Considering negative-direction flow, the pressure drop curve can be depicted as in Fig. 4. 
If we gradually decrease the pressure drop (initially from point S in Fig. 4), the flow rate will 
be also decreased gradually. However, reaching point A in Fig. 4, a flow excursion will occur, 
that is, the flow suddenly changes from point A to point B. This is a typical flow excursion 
instability. It is noted that, at point A, the slope of pressure drop-flow rate curve is zero. 

This flow excursion can be easily explained by using a linear perturbation analysis [7]. 
Lets consider the single-phase case first. Using Eq. (8), Equation (2) can be written as: 
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Fig. 3. Pressure drop versus mass flow rate.          Fig. 4. Flow excursion  

(A à B; C à D). 
 
Equation (17) is valid around an equilibrium point because the steady-state assumption was 
used for deriving the gravitational head term. However, Equation (17) is still effective for 
describing transient flow characteristics within a U-tube. Let’s simplify Eq. (17) for 
convenience. The exponent in the RHS of Eq. (17), Hm)/( &ξ , is generally around unity in the 
U-tubes of typical PWR plants under normal operating condition.1 However, under low-flow 
conditions such as natural circulation, the exponent increases because of reduced mass flow 
rate and, thus, the exponential term in Eq. (17) can be neglected. Then, Equation (17) can be 
approximated as: 
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Consider, now, small perturbations around an equilibrium point denoted by the subscript o: 
).()( tmmtm o &&& δ+=  

Substituting this expression into Eq. (18) and eliminating the steady-state terms, we obtain 
the following governing equation for the flow rate perturbations: 
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1 The exponent, Hm)/( &ξ , can be approximated from a steady-state energy balance:  
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Using the normal operating condition of Kori 3 & 4 nuclear power plant;  
TH = 599.0 K, TC = 564.8 K, Tsec

 = 555.3 K. 
Therefore, Hm)/( &ξ =0.763. 
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Therefore, the system is stable against perturbations only if λ  is positive. In other words, 
the primary-side flow is stable if the flow is greater than the threshold value (hereinafter 
called characteristic flow): 
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Similarly, the characteristic flow for two-phase case is approximated: 
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When the inlet quality xi in Eq. (22) is zero, Equation (22) is reduced to Eq. (21). 
Comparing Eq. (21) with Eq. (22), it can be seen that the characteristic flow for two-phase 

case is greater than that for single-phase case. Thus, two-phase case is less stable than single-
phase case in terms of flow excursion instability. 
 

3. Flow Behavior in Multiple U-tubes 
 

As mentioned earlier, a UTSG has several hundreds or thousands of vertical, inverted U-
tubes, of which the tube lengths are different. The different tube lengths yield different 
pressure drop characteristic curves. However, since all the U-tubes are connected to the same 
inlet and exit plenums in common, they experience the same pressure drop. This causes the 
heterogeneous flow behaviors in the multiple U-tubes. 

Consider a quasi steady state in a UTSG with two – short and long - U-tubes, which is 
shown in Fig. 5(a). Figure 5(b) illustrates the pressure drop-flow rate characteristics of the 
tubes. It is assumed that, initially, the flows in the two tubes are in positive direction. Then, 
gradually decreasing the pressure drop (Pinlet – Pexit), the flow behaviors in short and long U-
tubes will be: 

(a) shortm&  > longm& > 0 when P > dPA, 

(b) shortm&  > 0 and longm& < 0 when dPC �� <P < dPA, 

(c) shortm&  < longm&  < 0 when P < dPC,  

where dPA and �dPC are defined in Fig. 5(b). The case (b) is one of the situations that were 
observed in the LSTF experiments [2, 3].  

In order to verify the flow behaviors explained above, three conceptual transients in a 
UTSG with two U-tubes are simulated using the best-estimate system code MARS [8]. In the 
conceptual problem, the lengths of short and long tubes are 18 m and 20 m, respectively. The 
tubes’ inner diameter is 0.01692 m, of which thickness is 0.0011 m. The primary side 
pressure (at the exit) is 15 MPa. The secondary side is saturated at a pressure of 6.95 MPa 
(saturated temp. 558.5 K). 
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  (a) Two U-tubes   (b) Pressure drop-flow rate characteristics 

Fig. 5. The primary side of a steam generator with two U-tubes. 
 

For the MARS simulation, two “single volumes” were used to model the inlet and exit 
plenums. The short and long tubes were modeled with “pipe” components with 18 and 20 
“volumes,” respectively. To provide boundary conditions, “time dependent volumes” were 
attached to the inlet and exit plenums. The secondary side was modeled with a very big 
“pipe” component. To simulate the primary-to-secondary heat transfer, two “heat structure” 
models for the short and long tubes were used. 
 
3.1 “Inlet Pressure and Exit Pressure” Boundary Conditions  
 

Two inlet flow conditions are used: (i) subcooled water at a temperature of 598 K, and (ii) 
two-phase mixture with an equilibrium quality of 0.05. The pressure at the exit plenum is 15 
MPa in common. 

The transient is initiated by changing the inlet pressure as a function of time; the resulting 
pressure difference between the inlet and exit boundary volumes (Pinlet - Pexit) is shown in Fig. 
6. The calculated mass flow rates for single- and two-phase cases are given in Figs. 7 and 8, 
respectively. Mark A in Figs. 7 and 8 represents the positive-to-negative flow excursions, 
whereas mark B indicates negative-to-positive flow excursions with hysteresis. 

Figure 9 shows the phase diagram of pressure difference vs. mass flow rate during the 
transient. Due to the fluid inertia, the timings of flow reversals and the characteristic flows of 
the two tubes are not clearly distinguished. However, the existence of flow excursions is 
clearly shown. 
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Fig. 7. Transient mass flow rates in short and long tubes: single-phase case. 

 

0 250 500 750 1000 1250 1500
-0.45

-0.30

-0.15

0.00

0.15

0.30

0.45

B
A

 Short tube
 Long tube

M
as

s 
flo

w
 r

at
e 

(k
g/

s)

Time (s)  
Fig. 8. Transient mass flow rates in short and long tubes: two-phase case. 

 



-0.45 -0.30 -0.15 0.00 0.15 0.30 0.45
-40

-30

-20

-10

0

10

20

30

40

B

A

P
re

ss
ur

e 
di

ff
er

en
ce

 (
kP

a)

Mass flow rate (kg/s)

Single phase
 Short tube
 Long tube

Two phase (X=0.05)
 Short tube
 Long tube

 
Fig. 9. Pressure difference versus flow rate during the transient 

(See mark A and B in Figs. 7 and 8). 
 
3.2 “Inlet Flow Rate and Exit Pressure” Boundary Conditions  
 

An additional flow transient is simulated with “inlet flow rate and exit pressure” boundary 
conditions. The transient is initiated by changing the inlet mass flow rate as a function of time, 
which is given by blue dashed line in Fig. 10. Inlet temperature is 598 K (subcooled water). 
The secondary-side conditions are the same with those of the previous problems. 
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Fig. 10. Mass flow rates versus time (Inlet flow boundary condition). 

 
In Fig. 10, the calculated mass flow rates in the short and long tubes are illustrated. As the 

inlet flow rate decreases, they also decrease. However, reaching a critical point, flow 
excursions occur, that is, the flow in the long tube is reversed, whereas the flow in the short 
tube suddenly increases. The results are similar to the reversed flow in the longer U-tubes of 
the LSTF experiments.  

According to Eq. (21), the characteristic flow rates are approximately 0.023 kg/s and 0.021 
kg/s for the short and the long tubes, respectively. It can be seen in Fig. 10 that the sudden 



change occurs when the mass flow rates of the two tubes reach around 0.026 kg/s. Therefore, 
the characteristic flow rate in Eq. (21) is reasonably accurate. 
 

4. Conclusions 
 

The flow in the primary side of a UTSG was analyzed in terms of static instability. Using a 
one-dimensional, integrated flow model, the characteristic flow of a U-tube was derived for 
single- and two-phase flow cases. When the U-tube flow decreases below the characteristic 
flow, a flow excursion will occur, resulting in flow reversal. Generally, the design flow rate of 
a U-tube is far greater than the characteristic flow and, thus, the flow excursion will not occur 
during normal operating conditions. However, under natural-circulation conditions, the flow 
excursion may occur. Especially, two-phase flow is less stable than single-phase flow in 
terms of flow excursion instability. 
 

Nomenclature 
 
A  Flow area of a U-tube [m2], 
Cp  Specific heat [J/kg K], 
D   Inner diameter of the U-tube [m], 
f   Friction factor [dimensionless], 
g   Gravitational acceleration [m/sec2], 
H   Height [m], 
L  Tube length [m], 
K  Local form loss factor [dimensionless], 
m&  Mass flow rate in a U-tube [kg/sec], 
P   Pressure [Pa], 
s   Coordinate along the U-tube [m], 
t   Time [sec], 
T   Coolant temperature [K], 
U   Overall heat transfer coefficient across the tube wall [W/m2 K], 
V   Velocity [m/sec]. 
 
Greek Symbols 
β  Thermal expansion coefficient [K-1], 
P  Pressure drop [Pa], 
ρ� Density [kg/m3]. 
 
Subscripts 
1φ� Single phase, 
2φ � Two phase, 
c   Characteristic, 
f Saturated water, 
g Saturated steam,  
i   Inlet or inner,  
e   Exit,  



o   Outer, 
 
Superscripts 
pri   Primary side, 
sec  Secondary side. 
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