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NOMENCLATURE 

A area (ma) 
B defined by Eq. (12) (W/ma-s) 

specific heat at constant pressure (J/kg,0C) 
h heat transfer coefficient (W/m*'®C) 
k thermal conductivity (W/m-0C) 
L length (m) 
N number of axial nodes in the heated section (-) 
P power (W) 
Q volumetric flow (m,/s) 
q heat flux (Y//m») 
r radius (m) 
S structural heat source (W) 
T temperature (°C) 
t time (s) 

V volume (mJ) 
a defined by Eq. (9) (s_x) 
p density (kg/m1) 
t oscillation period (s) 
At time step (s) 

Subscripts 

gl glycerine side 
in inside, internal surface of the glass tube 
old previous time step 
out outside surface of the glass tube 
s structure 
w water side 
1,.... 10 nodes in Fig. 3 

Superscript 

j axial node in heated part of the test section 



A COMPARATIVE STUDY OF WATER BOILING IN A VERTICAL 
TUBE UNDER TEMPERATURE-CONTROLLED OR HEAT-

FLUX-CONTROLLED BOUNDARY CONDITIONS 

J. J. Carbajo 

ABSTRACT 
The Simulant Boiling Flow Visualization (SBFV) loop is an 

experimental facility where natural-convection boiling of 
water was accomplished in a transparent vertical tube by using 
hot glycerine; thus, direct observation was possible. As a 
result, heating was obtained through a temperature-controlled 
rather than a power-controlled boundary condition. To compare 
the SBFV data with previous experiments using a stainless 
steel test section and a power-controlled boundary condition, 
a comparative study of the effect on water boiling with the 
two different boundary conditions was performed. The computer 
program LOOP-W was used for this purpose. This program has 
been used successfully in analyzing data from the SBFV, and it 
was modified so that analogous cases could be run with the two 
different boundary conditions. 

The period and the amplitude of the oscillations calcu-
lated by the computer code using either boundary condition 
were essentially the same. Calculations also predicted the 
effect on the boiling process of using different test section 
materials (glass and stainless steel). Important differences 
were noted in the calculated periods and amplitudes. These 
calculations suggest that the SBFV loop can adequately simu-
late a power-controlled experimental facility. 

1. INTRODUCTION 

The Simulant Boiling Flow Visualization (SBFV) loop1 is a facility 
designed and built at Oak Ridge National Laboratory (ORNL) to study flow 
patterns and boiling behavior under low-flow forced- and free-convection 
tests in a single subchannel of a liquid-metal fast breeder reactor 
(LMFBR). Figure 1 shows a schematic of the SBFV loop. 

Because the SBFV loop was primarily designed for direct observation 
and motion picture taking, it was transparent throughout the entire heated 
and unheated parts of the test section. Water was used as the simulant 
for sodium. Heat was supplied by circulating hot glycerine, a transparent 
heating fluid, through an annulus around the heated zone of the test sec-
tion. As a result, the heating of the water was accomplished through a 
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Fig. 1. SBFV loop design and instrumentation. FE: flowmeter, 
HV: hand valve, PE: pressure transducer, RT: resistance temperature 
device, TE: thermocouple. 
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temperature-controlled rather than a power-controlled boundary condition, 
typical of an electrical- or nuclear-heated system. To compare the SBFV 
data with previous experiments using constant power boundary conditions 
and stainless steel test sections,2-4 it was necessary to know if the 
method of heating in the SBFV loop was adequate and comparable to a power-
controlled experimental facility. 

The purpose of the present study is to assess the different boilt ig 
phenomena that occur when heat is supplied through the two different 
boundary conditions: temperature controlled or power controlled. The 
effect of using two different materials in the test section, glass and 
stainless steel, was also studied to compare the SBFV data1 with previous 
data.1-4 
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2. METHOD OF ANALYSIS 

The computer program LOOP-W, developed to analyze the SBFV data, has 
been used successfully to model experimental oscillations in the SBFV 
loop,1 and it was also used in the present study. Briefly, this program 
is a one-dimensional loop model that solves the equations of continuity, 
momentum, and energy of the two'-phase flow mixture assuming thermodynamic 
equilibrium conditions but allowing different velocities for the liquid 
and vapor phases (slip). Details of this program are given in Ret. 1. 

A description of the different calculational methods used to model 
the two different boundary conditions follows. The heat input radially 
into the test section for the case of a temperature-controlled boundary 
condition is calculated by using a finite-difference solution of the heat 
conduction equation in the Pyrex tube that surrounds the heated part of 
the test section. Typically, this heated zone is modeled using six axial 
nodes, each 0.16 m in length (Fig. 2). Ten radial nodes are considered 
for each axial node (Fig. 3). Axial conduction inside the glass is ne-
glected. The Dittus-Boelter correlation* is used to calculate the heat 
transfer coefficient between the glycerine and the glass and also between 
the glass and the water when single-phase flow is present. Under two-
phase boiling conditions, the Chen correlation* is used. The temperature 
of the glycerine is an input quantity that is assumed to be constant dur-
ing the transient calculation. 

The total power input into the water is calculated by 

where the summation applies over the six axial nodes considered in the 
test section. The area between the internal surface of the glass tube and 
the water is calculated by 

6 
( 1 ) 

A, = 2nx, L in (2) 

where L = 0.16 m is the node length. The power removed from the glycerine 
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Fig. 2. Schematic of the heated zone of the SBFV test section. 

through the outside surface of the glass tube is calculated by 

Pout ~ ^ h ° u t A ° u t ( T 8 l TJout) ' (3) 
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Fig. 3. Radial nodes used in LOOP-W for the heated zone of the SBFV 
test section. 

with 

A = 2nr .L . (4) ont out 

This power can also be calculated from the experimental data by a 
heat balance on the glycerine side of the loop using 

Pgl = Qgl pgl Cp,gl <Tgl.inlet ~ Tgl.outlet5 ' ( 5 ) 

The power calculated by this expression includes the heat losses from the 
glycerine into the environment. The temperatures of the glycerine are 
measured by resistance temperature devioes located at the test section 
inlet (BT37 in Fig. 1) and outlet (RT36). The glycerine flow Q g l is mea-
sured by flowmeter FE30. 

The heat conduction equation in cylindrical coordinates solved for 
the case of a power-controlled boundary condition is 

3T\ /1 3 \ 3T S 
>C

P \Si) - [tT*) + ( 6 ) 

where S/Vg is the volumetric source, assumed to be uniformly distributed 
in the heated part of the test section. An adiabatic boundary condition 
is assumed at the external wall; that is, ^ o u t

 = and Eq. (3) yields 
a valve of P . »= 0. Equation (1) is used to calculate the total power out 
input into the water. The same heat transfer coefficients used in the 
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case of a temperature-controlled boundary condition are used here. Equa-
tion (6) is solved using finite differences in the radial direction (ten 
nodes) a.id neglecting axial conduction. 

A simpler calculational method was also used for the case of a power-
controlled boundary condition. The test section structure was assumed to 
have a uniform temperature radially; therefore, a lumped parameter model 
can be used with two regions, water and structure, each of which has homo-
geneous properties. The total heated section vas divided into six axial 
nodes; the total external heat source S is divided into six equal parts. 
The temperature of the structure for one of these nodes is described by 

p c V dT 
S p , s s s 

= M - a A ^ , ( 7 ) N dt N ^ in 

and the heat flux into the water is given by 

* = \ n (Ts " V ' ( 8 ) 

Equations (7) and (8) can be combined, removing Tg. Defining 

A. h. N in in 
° = — r ( 9 ) 

s p, s s 

yields 

dq a S dT dt + ° 4 = aT~N ~ hin I T ' ( 1 0 ) in 

The last term on the right-hand side of Eq. (10) can be approximated using 
finite differences by 

dT T (t + At) ~ T (t) W W w 
h. — = h. , (11) 

in dt in At 

and by defining 

a S T (t + At) - T (t) B * ATM " V ~ Tt ' ( 1 2 ) in 
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Eq. (10) becomes 

dq 

^ + aq = B . (13) 

This equation can be integrated to obtain 

q(t + At) = q(t) e~°At + - (1 - e"°At) . (14) a 
Equation (14) gives the heat flux into the water for each axial node of 
the heated section as a function of the previous heat flux q(t), previous 
temperature T (t)» and present temperature T^(t + At) [Eq. (12)]. Some 
iterations are needed to obtain the final value of q(t + At) and T (t + w At). The value of T (t + At) in Eq. (12) corresponds to the previous w 
iteration. 

The total input power into th« water is calculated by 

Pin " £ A n ' <15) 

and the total input power into the structure is the total heat source S. 
The calculations were done for glass and for stainless steel, the 

same materials used in the SBFV loop (glass) and in previous experimental 
apparatus*-4 (stainless steel). The values of the thermal properties for 
glass are p = 2180 kg/m», cp = 754 J/kg»°C, and k = 1.4 W/m-°C; for stain-
less steel, p = 8000 kg/m", c = 500 J/kg*°C, and k = 19 W/m-°C. These P 
properties were assumed to be independent of the temperature. 
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3. RESULTS 

A natural-convection test was chosen (Test 300 Run 105) corresponding 
to the following conditions: bypass leg open, pump leg closed, lower 
plenum temperature 22°C, upper plenum temperature 42°C, glycerine tempera-
ture 170°C, and glycerine flow 0.15 L/s. The average input power, as cal-
culated by Eq. (5), was 1.3 kW. Figure 4 shows 30 s of data for this 
test. The period of the oscillations was 6.1 s. This test was also mod-
eled with the computer program, and the results are given in Fig. 5, where 
flows, temperatures, pressures, and the period of the oscillations are 
reproduced. Figure 6 shows the power calculated by Eq. (1) (input power 
into the water), Eq. (3) (input power into the test section from the glyc-
erine), and Eq. (5) (input power based on glycerine inlet and outlet tem-
peratures and flow). 

The average input power, as calculated by either Eq. (1) or Eq. (3), 
is 1.136 kW, and 1.31 kW as calculated by Eq. (5). The last value in-
cludes heat losses from the glycerine to the environment, which, by com-
paring both values, can be estimated to be -13% [this value also includes 
numerical errors in the computer program, errors in the estimation of the 
heat transfer coefficients, and experimental errors in the values of the 
data used in Eq. (5)]. The high power peaks (in excess of 2 kW) corre-
spond to the reentry phases of the transient when the tube is rewetted 
with water coming from both the top and bottom plena. These peaks also 
appear in the values obtained with Eq. (3), but they are not so sharp. 
The low power values correspond to the beginning of the boiling process, 
as the steam removes less power than the liquid water. The input power 
and flow have similar shapes (Fig. 7). Figure 8 shows the calculated heat 
transfer coefficient at the internal surface of the glass wall at the 
third node from the beginning of the heated part of the test section (the 
complete heated part has six node s). The figures also show a similarity 
in the shapes of the curves for power and heat transfer coefficients. 

The oscillations in the heat transfer coefficient around the value of 
2000 W/m*«°C in Fig. 8 were caused by discontinuities between values cal-
culated for laminar and turbulent flow conditions. The flow in that re-
gion was in the transition between laminar and turbulent, and the computer 
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program switched between the two regimes during consecutive time steps. 
The same oscillations can be seen also in the power calculated by Eq. (1) 
around the value of 1.1 kW (Fig. 6). This power is calculated by using 
the previously mentioned heat transfer coefficient. 

Another calculation was performed using the p^wer-control led boundary 
condition, glass properties, and a constant value of the power at 1.1 kW. 
Figure 9 shows the results; no significant differences were observed when 
they were compared with Fig. 5. The period obtained was 6.2 s, comparable 
to the 6.1 s obtained in the calculation of Fig. 5. The only noticeable 
difference is that the amplitude of the oscillations calculated for the 
pressure PE-10 and for the outlet flow is larger in Fig. 9 than in Fig. 5. 
The power into the water was also calculated in this last case by Eq. (1) 
and is given in Fig. 10. It can be seen that although the power into the 
structure is constant at a value of 1.1 kW, the power into the water is 
not constant, and it displays oscillations similar to those of the tem-
perature-controlled boundary condition. The average value of the power 
of Fig. 10 was also 1.1 kW. Figure 11 shows heat transfer coefficients 
calculated at the same position as in the previous run (third node of the 
heated section), and they are considerably larger than those of Fig. 8. 
This may partially explain why the amplitude of the oscillations is larger 
also in the case of the power-controlled boundary condition. 

Additional calculations were performed varying the value of the input 
power. Different oscillatory periods were obtained. For a lower power of 
1.0 kW, the calculated period was 7.3 s (Figs. 12 and 13), and for a power 
of 1.5 kW, the obtained period was 4.7 s (Figs. 14 and 15). The higher 
the power, the shorter the period of the oscillations. These results 
follow the same trends as previously calculated and measured values.1 

The lumped parameter approach was also used for the case of a con-
stant power boundary condition, and the results for an input power of 
1.1 kW are given in Figs. 16 and 17. Figure 16 is quite similar to Fig. 9. 
The calculated period of the oscillation was 6.0 s. The power calculated 
using Eq. (15) and shown in Fig. 17 is smoother than the one of Fig. 10 
because of the different calculational method. 
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Stainless steel properties were used for the structure in the next 
run, with a constant input power boundary condition u6ing finite differ-
ences in the solution of the heat conduction equation [Eq. (6)] and an 
input power of 1.1 kW. The results are given in Figs. 18 and 19. The 
oscillations calculated with the stainless steel test section are irregu-
lar, and their amplitude is smaller. The average oscillatory period ob-
tained was 7.4 s, ranging from 5.9 to 9.4 s. If the specific heat of the 
structural material used in these calculations is varied, different peri-
ods and amplitudes of the oscillations are obtained. This emphasizes the 
importance of the test section structural material on the boiling behav-
ior. All these runs are summarized in Table 1. 

Table 1. Comparison between experimental (temperature-controlled) and analytical 
results (both temperature- and power-controlled boundary conditions) 

Case Material Figure s Boundary condition Power 
(LW> 

X 

(s) 

Test 300 Rim 105 (experiment) Glass 4 Temperature-control led 
(T , = 170°C) ei 

1.3 6.1 

Calculated, finite differences Glass 5,6,7,8 Temperature-control led 
(T , = 170°C) ei 

1.1 6.1 

Calculated, finite differences Glass 9,10,11 Power-control led 1.1 6.2 
Calculated, finite differences Glass 12 .13 Power-control 1ed 1.0 7.3 
Calculated, finite differences Glass 14.15 Power-control led 1.5 4.7 
Calculated, lumped parameter Glass 16 .17 Power-controlled 1.1 6.0 
Calculated, finite differences Steel 18,19 Power-control led 1.1 7.9 
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4. CONCLUSIONS 

These calculations suggest that there is little difference on the 
boiling process performed through either a temperature-controlled or a 
power-controlled boundary condition. Therefore, the SBFV loop can ade-
quately simulate a power-controlled experimental facility. However, the 
effect of the structural material is very important on both the period 
and the amplitude of the boiling oscillations and therefore should be con-
sidered when comparing data obtained in test sections of different mate-
rial s. 
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