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ABSTRACT

A numerical model has been developed to simulate
the dynamics of water level instruments in a research
nuclear reactor. A bubbler device, with helium gas as the
working fluid, is used to monitor liquid level by sensing the
static head pressure due to the height of liquid in the reac-
tor vessel. A finite-difference model is constructed to study
the transient response of the water level instruments to
pressure perturbations. The field equations which describe
the hydraulics of the helium gas in the bubbler device are
arranged in the form of a tridiagonal matrix and the field
variables are solved at each time step by the Thomas algo-
rithm. Simulation results indicate that the dynamic
response of the helium gas depends mainly on the volume
and he inertia of the gas in the level instrument tubings.
The anomalies in the simulated level indication are
attributed to the inherent lag in the level instrument due to
the hydraulics of the system.

INTRODUCTION

An important operating parameter for a liquid-
cooled nuclear reactor is the liquid level inside the reactor
vessel. In the High Flux Beam Reactor (HFBR) at the
Brookhaven National Laboratory (BNL), the liquid level is
monitored by a liquid level bubbler. This is a device which
determines a level from the static head pressure due to the
height of liquid in the vessel. The HFBR is a heavy water
cooled and moderated research reactor. An outline of the
reactor is shown in Figure 1. The reactor is pressurized to
200 psig by a helium cover gas volume in the upper plenum
of the reactor vessel. A regulated helium gas is supplied to
the liquid level bubbler which is basically a small diameter
tubing running down the inside of the reactor vessel. The
bottom end of the tubing is open to the heavy water above
the core region and the upper end is connected to a pres-
sure sensor. When the helium pressure is raised so that a
steady stream of gas bubbles emerges from the open end of

the tubing, the pressure difference between the gas in the
bubbler tube and the cover gas volume is then proportional
to the height of liquid in the reactor vessel. A change in liq-
uid level is thus sensed by the level instrument in terms of n
pressure change. Since the pressure in the bubbler tube is
transmitted through a compressible medium of finite mass
namely the helium gas, there is inherent lag in the response
of the level instrument which is made up of a variable leg
(bubbler tube), a differential pressure (D/P) cell, and a
reference leg. The bubbler tube is connected to the high
pressure side of the D/P cell while the reference leg, a
tubing which runs between the D/P cell and the cover gas
volume, is connected to the low pressure side of the cell.

In order to better understand the behavior of the
liquid level bubbler system, a finite-difference model has
been developed to simulate the dynamic response of the sys-
tem to pressure perturbations in the cover gas volume. The
instrument tubings which constitute the variable and

- reference legs of the level instrument are divided into a
series of nodes that run from the reactor to the D/P cell.
The flow of helium gas in the tubing is assumed to be
isothermal. The pressure in each node is determined from
the mass conservation equation while the flow through a
junction between two adjacent nodes is determined from
the momentum equation. The derivation of the system
equations and their integration by use of the Thomas algo-
rithm are discussed in the following sections.

SYSTEM EQUATIONS

The reactor water level in the HFBR is monitored
by a bubbler system in terms of a pressure difference
between the bubbler tube (variable leg) and the cover gas
volume (reference leg). The pressure response of helium in
the D/P cell, the variable leg, and the reference leg is
described by the conservation equations of mass and
momentum. The conservation of energy is simplified by
applying the ideal gas law to the helium gas.
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The Ideal Gas Law

The equation of state for an ideal gas is,

ii)

where p is ihe pressure; f is the density; T is the tempera-
ture, and R is the gas constant. The isothermal speed of
sound a, is defined as,

and the density of gas is given alternatively by,

Thus, for an isothermal system, the time rate of change in
density is related to pressure by,

The Conservation of Mass

For a fixed control volume i of length L; and flow
area A-{, the equation of mass conservation is expressed as,

(5)

where W ^ is the mass flow rate from the upstream node;
W; is flow to the downstream node, and W is the mass
flow rate from a source. From equations (4) and (5),

where the volume V; = AjLj

The Conservation of Momentum

Inside the tubing, the forces acting on the gas flow
are: pressure, wall friction (including local losses), and
gravity. By neglecting the momentum flux entering and
leaving a fixed control volume, the conservation of
momentum is given in the form,

n)

where t^, is the wall shear stress (including local losses); Pw

is the wetted perimeter, g is the gravitational acceleration,
and 0 is the angle between the flow direction along the x-
axis and the horizon. For the spatial integration of the
momentum equation, a staggered scheme is used; namely, a
flow is calculated at the junction between two adjacent
nodes and the flow is influenced by the upstream and
downstream pressures determined from the mass conserva-
tion equations. Let W; to be the mass flow rate between the
ith and i + 1 t h node. The inertia associated with W; is then
approximated by,

%U* (!)
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where

Ii = i i +

The frictional losses are expressed as

and the effective loss coefficient Kj eff is given by,

where f is the Darcy-Weisbach friction factor; D is the
hydraulic diameter, and Kj is the sum of all local loss coeffi-
cients for the portion of the momentum control volume that
is in the ith node. For simplicity, half of the momentum
control volume is assumed to be in the ith node, while the
other half is in the i + 1 th node. The pressure change due
to gravity is taken to be,

where



It is noted that for the first (i = 1) and last (i = N) node the
L/2 in equations (9), (11), and (13) is replaced by L; to
account for the inertia of the terminal nodes. In view of
equations (S), (10), and (12), after integrating in space,
equation (7) becomes,

with W. being positive when the flow is from node i to node
i+1. The effects of the convective term which is neglected in
equation (14) are small since the expected velocity of the
flow of helium in the instrument tubings is much smaller
than the corresponding velocity of sound.

THE FINITE-DIFFERENCE MODEL

The instrument tubings which run from the reactor
to the level instrument D/P cell are divided into a series of
nodes, starting with node number 1 on the reactor side and
ending with node number N on the pressure sensor side.
The last node also includes the gas chamber volume inside
the pressure sensor. The one-dimensional spatial noding is
illustrated in Figure 2. The pressure in each node is
assumed to be uniform and the evolution of pressure is
described by a continuity equation. Furthermore, the pres-
sure in the first node, px, is assumed to be the same as p0,
the pressure on the reactor side. In this formulation, p0 acts
as the forcing function for the system of equations which are
solved implicitly in time. The flow between two adjacent
nodes is solved from the momentum equation which is
integrated with respect to the spatial variable from the cen-
ter of the upstream node to the adjoining node center. The
control volumes for the momentum equations are also indi-
cated in Figure 2.

It is noted from equation (14) that the momentum
equation is non-linear in the mass flow rate, W. The
linearization of the frictional term is achieved by the follow-
ing procedure. Let the current value of flow, W be
expressed as,

and

where W* is the flow from the previous time step. By
retaining only the first order term in AW,

- (\jj +
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and

08)

With the aid of equation (18), the conservation
equations of mass and momentum are linear in p and W
which are the two unknowns to be determined for each
node. By expressing the time derivatives of W and p as,

ui)
it

= f, -j
TT

the momentum and continuity equations can now be cast in
the following finite-difference form.

The momentum equation:

with i = 1, N-l

The continuity equation:

en)
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with i = 2, N and W = 0

= W* + us)



where

t = time step size

and

It is noted that in equation (21) the ^, s are evaluated at
conditions from the previous time step and the I . / A t term
acts as a parameter which causes under-relaxation in the
solution scheme. The influence of W;* on Ŵ  becomes
stronger as A t is reduced. On the other hand, when a rela-
tively large At is used for a null transient, the solution
quickly converges to the steady state values.

Based on equations (21) and (22), the system of
equations which represents the dynamics of the helium gas
in the instrument tubing is made up of a set of linear equa-
tions with a tridiagonal coefficient matrix. The numerical
integration of the conservation equations in time is then
reduced to solving a system of linear equations with the
coefficient matrix being updated at each time step. As all
pressures and flows are solved simultaneously and implicitly
in time, the solution scheme is very stable and there is no
need to use extremely small time steps. The Thomas algo-
rithm (Patankar 1980) is used in the solution of the linear
equations.

SIMULATION OF LEVEL INSTRUMENT RESPONSE

The pressure responses of two level instruments to
pressure transients in the cover gas volume are simulated by
use of the model presented earlier. The pressure difference
across the level instrument D/P cell is taken as the height of
liquid in the reactor vessel above the outlet of a bubbler
tube. Perturbations in the pressure on the low and high
pressure side of a D/P cell can be caused by changes in
either the cover gas pressure or the liquid level in the vessel.
Since the reference leg and the variable leg are configured
differently, their responses to a given perturbation in the
cover gas pressure are expected to be different. This dis-
parity in the pressure responses results in anomalies in the

liquid level derived from the pressure difference across the
D/P cell.

The first transient analyzed is a step change in
cover gas pressure from 214.7 psia to 200 psia. The purpose
of simulating this unrealistic transient is to demonstrate the
stability and convergence of the numerical scheme. The
pressure responses in two level meters, A and B, are simu-
lated. The pressures at the respective D/P cells are shown
in Figure 3. The D/P cell for meter A has a gas chamber
volume of 28 cc while the corresponding volume for meter
B is 430 cc. The reference legs of meters A and B are
similar. They both have about 20 ft. of 3/4" tubing plus 7 ft.
of 1/4" tubing for meter A and 8 ft. of 1/4" tubing for meter
B. In order to make the L/A term about the same for all
nodes, the 20 ft. length of 3/4" tubing is considered as one
node while the 1/4" tubing is divided into one-ft. nodes.
The two meters share a single variable leg and thus only one
variable leg pressure is shown in Figure 3. The variable leg
is made up of about 30 ft. of 1/4" tubing and the combined
gas chamber volume in the D/P cells is about 460 cc.

It is evident from Figure 3 that the variable leg
pressure is the slowest to reach a new steady-state value.
This is due to the fact that this leg is the longest and also
has the largest gas chamber volume in the D/P cell. The
combined effects of inertia and capacity act in concert to
slow down the response of the variable leg to pressure
perturbations. The effect of capacity is further highlighted
by comparing the responses of meters A and B. With a
much smaller gas chamber volume, the pressure on the
reference side of meter A is seen to respond more readily
than meter B to the step change in cover gas pressure. In
all three pressure traces a new steady state is achieved in
less than half a second. It is also interesting to note from
Figure 3 that the pressure losses in the instrument tubings
are insignificant as the reference leg pressure at the D/P
cell is essentially that in the cover gas volume. The time
step size used in this transient is 0.001 sec. and a reduction
in step size by a factor of two shows little difference in the
results.

A second transient is simulated to demonstrate the
anomalies in indicated liquid level as a result of the inherent
lag in pressure responses in the instrument legs. In this
transient, the liquid level remains constant in the reactor
vessel while the cover gas volume is experiencing depres-
surization and pressurization. The cover gas pressure is
simulated to decrease at a rate of 10 psi/sec for the first
second and then increase at the same rate for the next sec-
ond, followed by a one second of steady pressure. The pres-



sure responses of the variable leg and the two reference legs
are shown in Figure 4. It is observed that the variable leg
lags behind the reference legs in its response to the pressure
perturbations in the cover gas volume.

The liquid levels calculated from the pressure dif-
ference between the variable leg and the reference leg are
illustrated in Figure 5. The apparent level errors at the
beginning of each ramp period can be explained by the fact
that the response of the variable leg is lagging behind that of
the reference leg. In any case, a small error of about 2" is
calculated for the most part of the pressure ramps. This
small error is due to the frictional losses in the tubing.

CONCLUSION

The numerical scheme adopted to simulate the
transient response of level instruments in the HFBR is
shown to be stable and the solution does converge to the
correct steady state value. The anomalies in the simulated
level indication are attributed to the inherent lag in the level
instrument due to the hydraulics of the system. It is shown
that the duration of the transients in the level instruments
are short and thus wil] rot impact the normal operation of
the reactor. Other mechanical and electronic components
of the level instrument may further dampen the pressure
variations and hence reduce the sensitivity of the bubbler
svstem.
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Figure 1. HFBR reactor vessel
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Figure 3. Pressure response in level
instrument legs resulting from a 14.7
psi step change in cover gas pressure.

Figure 5. Predicted level instrument
indication resulting from a 10 psi/sec.
ramp in the cover gas pressure.
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Figure 4. Pressure response in level
instrument legs resulting from a 10 psi/sec.
ramp in the cover gas pressure.
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