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Abstract - In all light water reactors (LWRs), natural circulation is an important passive heat removal mechanism. To explain the effects 

of diminished primary coolant inventory on natural circulation, an analytical model is derived. The analysis is based on a one-dimensional 

model and the quasi-steady hypothesis in which the continuity, momentum, and energy equations are solved. Expressions for mass flow 

rate, and temperature distributions are derived, and the effect of the core power is investigated. The model covers the mode of a single-

phase natural circulation. Comparisons with the experimental results of a previous work are presented and show reasonable agreement 

with the analytical results.  
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1. Introduction 
Since the Three Mile Island accident, natural circulation (NC) has become an increasingly important light water reactor 

(LWR) safety issue. It represents a unique and passive means of cooling during certain kinds of accidents or transients in a 

pressurized water reactor (PWR) such as small break loss-of-coolant accidents (LOCAs) or operational transients involving 

loss of pumped circulation. The only requirement for the NC occurrence is a hydrostatic head differential between the heat 

source (core) and the heat sink (steam generator), so that the cooled fluid and condensed steam, if any, can recirculate. 

For PWRs, there are four identified modes of NC as quality increases: 

- Single-phase water flow, in which the water is sub-cooled and there are no voids; 

- Combined single and two-phase flow, in which both sub-cooled water and voids are formed; 

- Two-phase flow, in which voids formed by core heat addition are circulated and condensed; 

- Reflux condensation, where single-phase steam flow is condensed in the steam generator. 

The important parameter governing heat removal for the first three modes is the loop flow rate. There are many studies 

that have been performed to investigate NCs. Ybarrondo et. Al, reviewed the calculation procedures used for predicting the 

thermal and hydraulic response of commercial power reactors to a loss-of-coolant accident (LOCA). The computational 

models required for each phase of the accident were reviewed [1]. Lewis, presented a simplified treatment of a single-phase 

loop of a nuclear reactor which yields an estimate of the steady-state flow rate and core temperature difference. He employed 

an overall heat balance on the core rather than the formal energy equation. Instead of the density integral in the momentum 

equation, an equivalent "driving head" was introduced, with two distinct values of the densities (for the hotter and colder 

portions of the loop) [2]. Zvirin et al., carried out a theoretical and experimental study of single-phase NC in an apparatus 

with parallel loops. Their system, was relevant to a PWR. Tests were performed for steady-state and transient conditions 

with heat removal from either or both heat exchangers. The analysis utilized the assumption of single equivalent loop and 

was based on existing one-dimensional modelling methods for thermosyphons. The coupled momentum and energy 

equations for the fluid in the loop were solved to yield the steady-state flow rate, temperature distributions and the transient 

behaviour of the loop. It was shown that the core flow resistance, input heat distribution, and upper plenum geometry yielded 

three-dimensional flow effects, which contributed to the overall difference of 30% between the analytical and experimental 

results [3]. Abdulrahman has studied the analytical model of the 2-dimensional steady-state heat transfer equation through a 

packed bed reactor and calculated the temperature distributions inside the reactor [4, 5]. 
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The objective of this work is to develop a theoretical model to analyse the single-phase NC phenomena relevant to 

small breaks for PWRs. A fundamental tenet of this work is that the entire circulation process can be treated as quasi-

steady. The model utilizes the one-dimensional approach and the quasi-steady hypothesis and solves analytically the 

loop momentum balance together with the conservation of mass and energy, and develops expressions for the core flow 

rate and core inlet and outlet temperature as a function of primary pressure. The model should be capable of analysing 

the single-phase mode of NC. In addition, the model should be able to forgo the usual assumptions of linear temperature 

distribution along the steam generator [3, 6] by actually incorporating the overall heat transfer coefficient in the 

theoretical analysis. 

 

2. Steady State One-Dimensional Natural Circulation Flow 
To describe NC in a PWR loop, it is preferred to follow the conventional formulations utilizing mass, momentum 

and energy conservations. Before proceeding with the mathematical development, the following assumptions are 

considered: 

1. Only one spatial coordinate, s, which runs around the loop is considered (Fig. 1). 

2. The average cross-sectional temperature 𝑇, is equal to the mixed mean (or bulk) temperature.  

3. In the free convection loop, the pressure changes are negligible as compared to system pressure so that the fluid is 

considered incompressible.  

4. The cross-sectional area of the flow is taken as a constant that is equal to the average cross-sectional area of the flow. 

5. Fluid properties, except the density, are considered constants. 

6. Only the up-flow side of steam generator will be regarded as effective in removing heat and consequently the heat 

removal from the down-flow side of steam generator will be neglected. This is due to the fact that the primary 

temperature will approximately equilibrate with that of the secondary in the up-flow side of steam generator. 

 

 
Fig. 1. One-dimensional loop. 

 

For a flow in a one-dimensional positive s-direction, the steady state equations of continuity, momentum, and energy 

are respectively [7]; 

 

𝑑𝑢

𝑑𝑠
= −

𝑢

𝜌

𝑑𝜌

𝑑𝑠
 

 

(1) 

𝜌𝑢
𝑑𝑢

𝑑𝑠
= −

𝑑𝑃

𝑑𝑠
− 𝐹𝑠 − 𝜌𝑔 cos(𝜃) (2) 
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𝜌𝐴𝑢
𝑑ℎ

𝑑𝑠
= −

𝑑𝑞

𝑑𝑠
 (3) 

 

where 𝑢 is the flow velocity, 𝜌 is the fluid density, 𝑃 is the primary pressure, 𝑔 is the gravitational acceleration, 𝐴 is the 

is the cross sectional area of the flow channel, ℎ is the specific enthalpy, and 𝑞 is the heat added to (or rejected from) the 

coolant. In terms of the mass flow rate 𝑊, the flow velocity 𝑢 is: 

 

𝑢 =
𝑊

𝜌𝐴
 (4) 

 

For turbulent flow in a circular tube of diameter 𝐷, the viscous force per unit volume 𝐹𝑠 is; 

 

𝐹𝑠 =
4𝑓 (

1
2 𝜌𝑢2)

𝐷
 

(5) 

 

where the friction factor 𝑓 is given by [8]; 𝑓 =
0.046

(𝑅𝑒)0.2  

Substituting Eqs. (1), (4) and (5) into Eq. (2) and integrate around the loop, the momentum Eq. will be; 

 

∮
𝑊2

𝐴2(𝑠)

𝑑𝑣

𝑑𝑠
𝑑𝑠 = − ∮

𝑑𝑃

𝑑𝑠
𝑑𝑠 − ∮

4 (
1
2 𝑓𝑊2)

𝜌𝐴2(𝑠)𝐷(𝑠)
𝑑𝑠 − ∮ 𝜌𝑔 cos(𝜃) 𝑑𝑠 

(6) 

 

where 𝑣 is the fluid specific volume and 𝑃 is the primary pressure. The left-hand side and the pressure term of Eq. (6) will 

vanish. For strongly turbulent flow, it can be assumed that the friction coefficient is constant for a given primary pressure. 

Noting that A and D are given by their average values over the loop and that 𝑑𝑧 = 𝑑𝑠 cos(𝜃), then Eq. (6) becomes; 

 

−𝑔 ∮ 𝜌 𝑑𝑧 =

1
2 (4𝑓)̅𝑊2

𝐴̅2 𝐷̅
∮

𝑑𝑠

𝜌
 

(7) 

 

From Fig. 1; 

 

∮ 𝜌 𝑑𝑧 = ∫ 𝜌1 𝑑𝑧
𝐿𝑧

0

+ ∫ 𝜌1 𝑑𝑧
0

𝐿𝑧

+ ∫ 𝜌2 𝑑𝑧
−𝐿𝑑

0

+ ∫ 𝜌2 𝑑𝑧
0

−𝐿𝑑

= ∫ 𝜌1 𝑑𝑧
𝐿𝑧

0

− ∫ 𝜌2 𝑑𝑧
𝐿𝑧

0

= (𝜌̅1 − 𝜌̅2)𝐿𝑧 (8) 

 

and; 

 

∮
𝑑𝑠

𝜌
= ∮ 𝑣 𝑑𝑠 = 𝑣̅ 𝐿𝑡  (9) 

 

where 𝜌1 and 𝜌2 are the fluid densities of the system up-flow and down-flow sides respectively, 𝜌̅1 and 𝜌̅2 are the average 

values of the fluid densities 𝜌1 and 𝜌2 respectively, 𝑣̅ is the average value of the fluid specific volume, 𝐿𝑧, and 𝐿𝑑 are the 

heights of the PWR and downcomer systems respectively, and 𝐿𝑡 is the total circulation length. Substituting Eqs. (8) and (9) 

into Eq. (7) and rearranging, to get; 
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1
2 (4𝑓)̅𝑊2

𝐴̅2 𝐷̅
𝑣̅𝐿𝑡 = 𝑔(𝜌̅2 − 𝜌̅1) 𝐿𝑧 

(10) 

 

Define: 

 

𝑊̂2 =
2 𝑔 𝐿𝑧 𝐷̅ 𝜌̅𝑜

2𝐴̅2

4 𝑓𝑜̅𝐿𝑡

 (11) 

 

where 𝐷̅ and 𝐴̅ are the average diameter and cross sectional area of the flow channel respectively. Note that 𝑊̂ has the 

dimensions of flow rate and 𝑓𝑜̅ and 𝜌̅𝑜 are respectively the overall system average friction coefficient and density 

corresponding to the conditions at the beginning of NC. Substituting Eq. (11) in Eq. (10) and solving for the mass flow rate, 

to get; 

 

𝑊 =
𝑊̂

𝜌̅𝑜

√
(𝜌̅2 − 𝜌̅1)

𝜐̅

𝑓𝑜̅

𝑓̅
 (12) 

 

where 𝑓 ̅is the average friction factor. The energy Eq. (10) can be written separately for each component of the loop. The 

term (−
𝑑𝑞

𝑑𝑠
) in Eq. (10) is equal to (−𝑈𝜋𝐷𝑠𝑛(𝑇 − 𝑇𝑠𝑒𝑐)) for the heat sink and zero for the (insulated) pipes. For the heated 

section, it depends upon the input power distribution. For incompressible single-phase flow, it will be assumed that the 

Boussinesq approximations for density are valid. Thus; 𝜌 = 𝜌𝑙[1 − 𝛽(𝑇 − 𝑇𝑙)]. This equation might be regarded as a Taylor-

mode equation of state and can be written as; 

 

𝜌 = 𝑎 + 𝑏𝑇 (13) 

 

where 𝑇 is the fluid temperature, and the constants 𝑎 and 𝑏 can be calculated from: 

 

𝑎 = 𝜌𝑙(1 + 𝛽𝑇𝑙) and 𝑏 = −𝜌𝑙𝛽 

 

where 𝜌𝑙 is the density reference value that is evaluated at some reference temperature 𝑇𝑙 and 𝛽 is the volume 

expansion coefficient that is defined by: 

 

𝛽 =
1

𝑣
(

𝜕𝑣

𝜕𝑇
)

𝑃
 (14) 

 

It is well known that the power distribution in a typical PWR core is far from being uniform. To first approximation, 

the distribution may be taken as sinusoidal. In this paper, to simplify derivations, uniform input power distribution is 

taken into consideration. For a uniformly distributed input power, the term (−
𝑑𝑞

𝑑𝑠
) is equal to 

𝑄𝑜

𝐿𝑐
 for the heated section. 

Hence, Eq. (10) can be written as: 
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𝑊
𝑑ℎ

𝑑𝑠
= {

𝑄𝑜 𝐿𝑐⁄ (heat source)                                                 

−𝑈̅𝜋𝐷𝑠𝑛(𝑇𝑠 − 𝑇𝑠𝑒𝑐) (heat sink)                                                  

0  (insulated pipes)                                                  

 

(15a) 

(15b) 

(15c) 

 

where 𝑄𝑜 is the heat input power, 𝐿𝑐 is the length of the core, 𝑈̅ is the average value of the overall heat transfer 

coefficient, 𝐷𝑠 is the steam generator diameter, 𝑛 is the number of primary tubes of steam generator, 𝑇𝑠 and 𝑇𝑠𝑒𝑐 are 

are the steam generator temperatures of the primary and secondary sides respectively. 

 
2.1. Single-Phase Loop Flow 

Consider the loop to contain liquid only, as shown in Fig. 2. For single-phase, the fluid enthalpy may be taken as, 𝑑ℎ =
𝐶 𝑑𝑇, and hence Eqs. (15) yield; 

 

 
Fig. 2. Single-phase loop. 

 

𝑊𝐶
𝑑𝑇

𝑑𝑠
= {

𝑄𝑜 𝐿𝑐⁄ (heat source)                                                  

−𝑈̅𝜋𝐷𝑠𝑛(𝑇𝑠 − 𝑇𝑠𝑒𝑐) (heat sink)                                                  

0  (insulated pipes)                                                 

 

 

(16a) 

(16b) 

(16c) 

where 𝐶 is the specific heat capacity that is defined by; 𝐶 =
ℎ𝑜−ℎ𝑖

𝑇𝑜−𝑇𝑖
. The solution of Eq. (16c) yields a uniform temperature 

distribution in the connecting pipes, which requires, then, that the core outlet and the steam generator inlet temperatures to 

be at the same temperature. To get the temperature distribution of the core, 𝑇𝑐, Eq. (16a) must be solved. The exact solution 

of Eq. (16a) for a uniformly distributed input power gives a linear temperature profile in the core, thus; noting that 𝑠 = 𝑧; 

then, 

 

𝑇𝑐 = 𝑇𝑖 +
𝑄𝑜

𝐶 𝑊

𝑧

𝐿𝑐
           (0 ≤ 𝑧 ≤ 𝐿𝑐) (17) 

 
where 𝑇𝑖 is the core inlet temperature, and 𝑧, is the distance measured from the bottom of the heated section. The outlet 

temperature of the core, 𝑇𝑜, is obtained from Eq. (17) by setting  𝑧 = 𝐿𝑐, thus; 
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𝑇𝑜 = 𝑇𝑖 +
𝑄𝑜

𝐶 𝑊
 (18) 

 

The relation (18) yields the temperature difference of the core (∆𝑇core) (or between the hot and cold legs). 

 

∆𝑇core = 𝑇𝑜 − 𝑇𝑖 =
𝑄𝑜

𝐶 𝑊
 (19) 

The most important parameter which can serve to characterize the system behaviour at steady state is the 

temperature difference over the heated section, which is directly related to the flow rate in the loop, Eq. (19). To get the 

temperature distribution of the primary side of the steam generator, Eq. (16b), can be readily integrated to give: 

 

𝑇𝑠 = 𝑇𝑠𝑒𝑐 + (𝑇𝑜 − 𝑇𝑠𝑒𝑐)𝑒−
𝑈̅1𝜋𝐷𝑠𝑛

𝐶 𝑊
 𝑧

              (0 ≤ 𝑧 ≤ 𝐿𝑠) 
(20) 

 
where 𝑈̅1 is the average overall single-phase heat transfer coefficient, and 𝑧, is measured from the bottom of the primary side 

of the hot leg of the steam generator. The inlet temperature of the core (outlet temperature of steam generator) 𝑇𝑖, is obtained 

from Eq. (20) by setting 𝑧 = 𝐿𝑠/2; 

 

𝑇𝑖 = 𝑇𝑠𝑒𝑐 + (𝑇𝑜 − 𝑇𝑠𝑒𝑐)𝑒−
𝑈̅1𝜋𝐷𝑠𝑛

𝐶 𝑊
 
𝐿𝑠
2  (21) 

 
Invoking the Boussinesq approximation in the solution of Eq. (1), gives the expected result that the mean velocity, 

u, and hence the flow rate, W, are uniform around the loop. Since the density is assumed constant, Eq. (12) takes the 

form; 

 

𝑊 =
𝑊̂

𝜌̅𝑜

√𝜌𝑙(𝜌̅2 − 𝜌̅1)
𝑓𝑜̅

𝑓̅
 (22) 

 
The value of  𝜌̅1 is obtained from volume averaging of densities over the up-flow side of the PWR system elements, 

as follows: 

 

𝜌̅1 =
𝜌̅𝑐𝑉𝑐 + 𝜌̅𝑢𝑉𝑢 + 𝜌̅𝑠

𝑉𝑠

2
𝑉1

 
(23) 

 
where 𝜌̅𝑐, 𝜌̅𝑢, 𝜌̅𝑠 are the average densities of the core, sum of the hot leg and upper plenum, and steam generator respectively. 

𝑉𝑐, 𝑉𝑢, 𝑉𝑠, and 𝑉1 are the volumes of the core, sum of the hot leg and upper plenum, and steam generator respectively and 

𝑉1 = 𝑉𝑐 + 𝑉𝑢 +
𝑉𝑠

2
. The average density of each element can be obtained by using Eq. (13) and the temperature distribution 

of that element. 

 

𝜌̅𝑐 =
∫ 𝜌𝑐 

𝐿𝑐

0
𝑑𝑧

𝐿𝑐
=

∫ (𝑎 + 𝑏 𝑇𝑐)
𝐿𝑐

0
𝑑𝑧

𝐿𝑐
= 𝑎 + 𝑏 (

𝑇𝑖 + 𝑇𝑜

2
) (24) 

𝜌̅𝑢 = 𝜌𝑢 = 𝑎 + 𝑏𝑇𝑜 (25) 
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𝜌̅𝑠 =
∫ 𝜌𝑠  𝑑𝑧

𝐿𝑠
2

0

𝐿𝑠

2

=
∫ (𝑎 + 𝑏𝑇𝑠) 𝑑𝑧

𝐿𝑠
2

0

𝐿𝑠

2

= 𝑎 + 𝑏𝑇𝑠𝑒𝑐 −
𝑏(𝑇0 − 𝑇𝑠𝑒𝑐)𝐶𝑊

𝐿𝑠

2 𝑈̅1𝜋𝐷𝑠𝑛
{𝑒−

𝑈̅1𝜋𝐷𝑠𝑛
𝐶𝑊

 
𝐿𝑠
2 − 1} (26) 

𝜌̅2 =  𝜌2 = 𝑎 + 𝑏𝑇𝑖 = 𝑎 + 𝑏 [𝑇𝑠𝑒𝑐 + (𝑇𝑜 − 𝑇𝑠𝑒𝑐)𝑒−
𝑈̅1𝜋𝐷𝑠𝑛

𝐶𝑊
 
𝐿𝑠
2 ] (27) 

 
Substitute Eqs. (24) through (27) into Eq. (23) to get  𝜌̅1, and then Eq. (22) can be used to evaluate the mass flow rate, 𝑊 

 

2.2. Overall heat transfer coefficient 
The overall heat transfer coefficient for the radial flow of heat across a circular tube based on the internal tube surface, 

𝑈𝑖, is [9]; 

 
1

𝑈𝑖
=

1

𝐻𝑖
+

𝐴𝑖𝑡𝑤

𝐴𝑚𝑤𝐾𝑤
+

𝐴𝑖

𝐴𝑜𝐻𝑜
 (28) 

 
where 𝐻𝑖 and 𝐻𝑜 are the heat transfer coefficient inside and outside the tube respectively, 𝐴𝑖 and 𝐴𝑜 are the internal and 

external tube surface area respectively, 𝐴𝑚𝑤 is the mean wall area for heat transfer, and 𝐾𝑤 is the thermal conductivity of 

the wall tube. The heat transfer resistance by conduction can be neglected because of small thickness of steam generator 

tubes. For a single flow in the steam generator, convective heat transfer on the inside of the tubes and nucleate boiling on the 

secondary side of the tubes will occur [10]. The heat transfer coefficients in the primary side of steam generator 𝐻𝑖, have 

been taken, from forced flow correlations for single phase as [8]: 

 

𝐻𝑖 = 0.023 Re0.8Pr0.3
𝑘

𝑑𝑒
 (29) 

 

where Re and Pr are the Reynolds and Prandtle numbers respectively, 𝑘 is the fluid conductivity, and 𝑑𝑒 is the equivalent 

diameter of the flow channel. The heat transfer coefficient for nucleate boiling of the secondary side of steam generator 𝐻𝑜, 

can be taken from the following correlation [8]: 

 

𝐻𝑜 = 2.5551 × 10−3𝑒0.6446133𝑃𝑠𝑒𝑐(𝑇𝑏𝑢𝑙𝑘 − 𝑇𝑠𝑒𝑐)3 (30) 

 
where  Psec is the secondary side pressure in MPa, T  in oC and  Ho in kW/m2.oC. 

 

3. Results 
It is important to note that the values of NC parameters are calculated iteratively. At a certain power Qo, the values of 

𝜌𝑜 and 𝑓𝑜 are calculated when the inventory is 100% and under a given initial primary pressure (Po=11.2 MPa). The values 

of 𝜌̅𝑜 and 𝑓𝑜̅ for each core power, Qo, are listed in Table 1. 

 
Table 1: Values of 𝜌̅𝑜 and 𝑓𝑜̅ as a function of core power. 

 

Qo (KW) 30 60 100 

𝝆̅𝒐 743.2258 734.6119 730.6987 

𝒇̅𝒐 4 847 10 3.    4 614 10 3.    4 462 10 3.    
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The predictions of the PWR model described previously are compared with experimental data from the Semiscale 

2A system [10]. The experiments were conducted at three different steady-state powers (30, 60 and 100 KW). Table 2 

summarizes the relevant data concerning the Semiscale Mod-2A system [10, 11, 12]. The behaviours of the NC 

as a function of primary pressure and the comparisons between the experimental and theoretical results are shown in 

3-6. 

 
Table 2 Summary of the design and operating data for the Semiscale model. 

 

Parameter Data Parameter Data Parameter Data 

Ai 3.05 10 - 4   m 2 Ls 20 m Psec 6 MPa 

Ao 3.87 10 - 4  m 2 ∀̅𝑜 0.165 m3 Tsec 275.64 oC 

Ds 0.0222 m Vc 0.06 T1 Tbulk 

tw 0.00124 m Vu 0.18 𝜌1 𝜌bulk 

n 6 Vs 0.22 𝑊̂ 1.35 Kg/Sec 

Lc 3.66 m Vcl 0.29 full core power 

(scaled) 

2 MW 

 

 

 

 
Fig. 3 Comparison of theory with Semiscale PWR data of Mass flow rate versus Primary pressure for different core powers. 
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Fig. 4 Comparison of theory with Semiscale PWR data of Core inlet temperature versus Primary pressure for different core powers. 

 

 
Fig. 5 Comparison of theory with Semiscale PWR data of Core outlet temperature versus Primary pressure for different core powers. 

 
Fig. 6 Comparison of theory with Semiscale PWR data of Core temperature difference versus Primary pressure for different core 

powers. 
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For single-loop system, the mass flow rate in Fig. 3 is found to vary considerably, depending on system pressure. 

Starting at blow down initiation (P=11.2 MPa), the mass flow rate is seen to increase very slowly as the primary pressure 

is decreased and, thus to be relatively insensitive to it. This is due to the fact that single-phase water is essentially non 

compressible and hence the overall gravity head (which is the driving potential) is relatively unaffected by changes in 

pressure. 

Figure 4 shows the core inlet temperature as a function of primary pressure. Again, it is observed that the cold leg 

temperature is unaffected by changes in primary pressure because, the heat transfer surface area in the up-flow side of 

the steam generator is sufficient to allow the primary fluid temperature to equilibrate with the secondary fluid 

temperature within the up-flow side of the steam generator. As the hotter sub-cooled fluid entering the steam generator 

from the core travels upward, convective heat transfer on the inside of the tubes and nucleate boiling on the secondary 

side will cause the primary temperature to equilibrate with the secondary temperature. 

Figures 5 and 6 show the core outlet temperature (hot leg temperature) and core temperature difference as a function 

of primary pressure respectively. The hot leg temperature and core temperature difference are relatively insensitive to 

primary pressure since it was observed earlier that both the mass flow rate and cold leg temperature likewise are 

insensitive to pressure. 

Figures 3 to 6 also show the effect of the reactor power on the NC parameters. In general, it can be seen that the 

overall trends for the three power levels are similar. Also, the increases in core power leads to smaller band of single-

phase NC. The primary pressure, at the starting and ending of single-phase NC, is greater the higher the core power. In 

Fig.3, the loop mass flow rate is observed to increase with increasing core power. This behaviour can be explained as 

due to the increase in the overall density gradient between the hot and cold sides of the systems, resulting in higher loop 

mass flow rates. Fig. 4 reveals that the cold leg temperature is practically independent of core power. Figs. 5 and 6 

indicate that the hot leg temperature and the core temperature difference tend to increase with increasing core power. 

It is noted that the present theory is capable in predicting the correct trend over the whole range of primary pressure 

for single-phase flow NC and show reasonable agreement with the experimental results. Table 3 shows the maximum 

error between the experimental and theoretical results of NC parameters. The discrepancies in the results can be 

attributed to different reasons. The first one is the uncertainties in experimental data, which were estimated [11] as 
0.033 Kg/s for mass flow rate,  5oC for core temperature difference, and  0.4 MPa for secondary pressure. The second 

reason is the model approximations. The one-dimensional model used is inadequate, under certain operating conditions 

and in regions where abrupt changes in flow area occurs, to describe the three-dimensional nature of the flow. Another 

reason is the usage of forced flow correlations for heat transfer coefficient and friction factor in NC flow and neglecting 

the effect of form losses in the various components in the loop. 

 
Table 3 Maximum absolute errors between experimental and theoretical results for the NC parameters versus the primary pressure for 

different power values. 

 
 Max. error (%) 

Power  (KW) W Ti  To ∆𝑻𝐜𝐨𝐫𝐞 

30 10.05 0.38 0.63 14.43 

60 2.9 0.72 1.47 7.9 

100 1.1 0.74 6.36 2.14 

 

4. Conclusion 
In this paper, an analytical one-dimensional model has been developed, based on solutions to the continuity, 

momentum and energy equations and expressions for the natural circulation parameters have been derived for PWR 

plant. By comparing the theoretical results with the experimental, it has been demonstrated that the simple analytical 

model is capable of describing the quasi steady-state behaviour during a small break LOCA or loss of pumped flow 
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transient. Also, this work demonstrated that natural circulation in a PWR type system can provide an effective mechanism 

for the rejection of core decay heat to the secondary side of a steam generator. 
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