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Effect of Removal of a Central Thimble on Coolant
Flow Distribution in a Research Reactor Fuel Element

W.J. GREEN
Senior Research Scientist. Engineering Research Division, Australian Atomic Energy Commission, Research

Establishment. Lucas Heights

SUMMARY Using two twice full-size models of a HIFAR research reactor fuel element, experiments have been
performed to determine how the flow distribution of coolant gas through the element in a transfer flask is
affected by removal of the central instrumentation thimble.

With the thimble present, experimental flow results agree with theoretical predictions. Over the range of
total flowrates considered, mass flow apportioning among the five annular channels was independent of
annular channel Reynolds number (in the range 3500 to 10,500) and ranged between 13% and 27% of the total
flowrate. For the case with the thimble removed, interesting experimental flow characteristics were
obtained which could not have been predicted. Flow apportioning among the annular channels was found to
be uniquely dependent upon total flowrate and ranged between 3% and 8% for the experimental conditions
investigated (annular channel Reynolds numbers in the range 800 to 4000).

1 INTRODUCTION

The Mark IV/V fuel elements in HIFAR consist
basically of 4 thin concentric fuel tubes located
within a cylindrical shroud, and usually have an
instrumentation thimble (known as the flux scan
assembly or FSA) located centrally within the
innermost fuel tube. Heat is removed from the fuel
elements by coolant passing through the annular
gaps whose aspect ratio (L/de) is ~100. HIFAR fuel
elements are cooled with heavy water in the reactor
core but during the transfer of irradiated fuel
from the reactor to the fuel storage tank, recir-
culated air cooling is used in the transport flask.
An extensive study of the operations associated
with HIFAR led to a decision to investigate the
adequacy of cooling an element in the transport
flask when the FSA is absent. Removal of the FSA
would result in an airflow distribution through the
element which would be much less favourable than
under normal conditions. A series of experiments
was carried out using model fuel element assemblies
to determine the coolant flow distribution under
such conditions. This information was then used to
determine the maximum power ratings at which the
elements would be adequately cooled.

2 EXPERIMENTAL APPARATUS

2.1 Model Design Parameters

To measure flow distributions within the gaps
between fuel tubes, a large scale model fuel ele-
ment was selected so that instrument access would
(a) be easier, and (b) disturb the flow less, than
in a full size element. A model fuel element was
designed to a nominally twice full-size scale. As
the working fluid, atmospheric air was chosen,
since it permitted flexibility with instrumenta-
tion, and a flow of air was readily obtainable
from a centrifugal blower installation.

NOMENCLATURE

d diameter
de equivalent hydraulic diameter
f Fanning friction factor
L length of fuel tubes
M total mass flowrate
AP pressure loss between levels 1 s 2 on Fig. 1
Re Reynolds number
N number of annular gaps
V velocity
p coolant density
u coolant viscosity

Subscripts

o
i

outside
inside

n
c

nth gap
central space

HIFAR is the AAEC's high neutron flux research
reactor at Lucas Heights which has heavy water
as moderator and coolant.

Figure 1 Model test section

The flowrate of coolant gas through the transport
flask is typically 15.1 g s"1 which corresponds to
a fuel element throat (Fig.l) Re value of 0.2 x 105.
In a twice full-size atmospheric air model, testing
at this Re value involves measuring velocities as
low as 0.3 m s"1. Consequently a range of Re
values was investigated.

2.2 General Layout of Rig and Test Section

In the 15 m of 20 cm ducting which connected the
blower with the test section, a flow metering
orifice was installed with suitable upstream and
downstream lengths of ducting to satisfy the
British Standard flow code (BS1042) specifications.
Air temperature was measured downstream of the
orifice plate by means of a sheathed thermocouple
and an electronic temperature indicator.

Just before entry into the test section 2 pitot
traverse mountings positioned at right angles to
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each other were stationed on the 20 cm ducting.
Vanes were installed in all of the right angled
bends in the 20 cm ducting thus reducing flow mal-
distributions.

Although, when the original design was being formu-
lated, drawn copper tubes were available which
accurately simulated the fuel assembly (Fig.l), by
the manufacturing stage, only 4 of the 6 required
tubes were obtainable. Consequently 2 of the tubes
had to be manufactured by rolling, and were of much
poorer dimensional tolerance than the drawn copper
tubes. However, after completing tests on the
first model, a second model was built using
machined tubes to replace the rolled tubes.

Provision was made in both models to determine
velocity distributions: (a) on two diameters at
right angles to each other just before the entry
of the flow into the annular spaces; and (b)
within the annular spaces near the exit of the
simulated fuel tubes (see Fig.l).

An alcohol micromanometer was used to measure pres-
sure differentials when determining velocity dis-
tributions by means of pitot and total head probes.

3 EXPERIMENTAL INVESTIGATIONS

3.1 Velocity Distributions Upstream of Test
Section

Both to verify that the orifice plate had been
correctly installed in the 20 cm ductwork and to
ascertain the flow distribution before entry into
the test section, tests were performed at three
flowrates to determine the velocity distribution
in the 20 cm duct between the 90° vaned bend and
the test section (see Fig.l).

For each flowrate, after sufficient time was
allowed for the air temperature to stabilise, the
velocity traverses were performed using a 3.2 mm
pitot tube on 2 diameters at right angles to each
other, the radial distance being ascertained from
a graduated scale on the traversing head.

A comparison between the mass flowrates obtained
by the orifice plate installation and those deter-
mined from the detailed velocity survey, showed
good agreement for the 3 flowrates tested. Dif-
ferences between the two methods were -1%, 2% and
-3%. The velocity profiles also showed that the
flow distribution was slightly non-symmetrical.

3.2 Mean Gap Sizes and Their Tolerances

Since the accuracy specified in the original
design was not obtained in the first model, it was
necessary to determine the mean gap sizes between
fuel plates, and their tolerances, in order to
assess the results obtained. These were deter-
mined in three ways: direct measurement of gap
sizes using drill shanks and rods of known dia-
meter; volume measurement; and the electrical
technique used to position the traversing pitot
probe (see 53.3) in the exit region of the annular
spaces. With the first of these methods only the
ends of the test section could be measured, and
with the third only one specific circumferential
position could be investigated.

Comparison of the gap sizes obtained by direct
measurement and mean values obtained from the
volumetric method showed that (i) for the first
model, measured gap sizes were within ±10% of the
mean values, and (ii) for the second model, this
range was ±4%.

3.3 Velocity Distributions in Test Section

For all tests, flow conditions were allowed to
stabilise and the pressure differential across the
orifice plate, the upstream pressure, and the air

temperature were noted before and after making a
velocity survey.

For velocity distributions at the inlet scanning
level (Fig.l) a 0.96 mm OD total head tube was
used together with a wall pressure tapping. Tra-
verses were made on two diameters at right angles
to each other and a graduated scale, incorporated
in the design of the traversing head, was used to
position radially the total head tube. During
these velocity surveys large fluctuations in the
micromanometer readings were sometimes present.
These occurred with the probe near the sheath wall
when the FSA was present, and over the whole entry
region to the annular spaces when it was removed.

Positional accuracy of the probe was achieved by
setting up a small electrical potential between
the total head tube and the test section, so that
a small light indicated when the probe head
touched the wall, thus providing an accurate datum
on the graduated traversing scale, and preventing
possible mechanical deformation of the pitot tube.

To obtain the velocity distributions at level 2,
a 1.68 mm OD pitot tube was used. The radial
positioning technique was similar to that des-
cribed for the inlet velocity surveys, i.e. an
electrical method was used to detect the positions
of the annular channel walls and hence provide
datum positions on the traversing head scale.
However, a micrometer adjustment was also incor-
porated on the traversing head scale to provide
greater positional accuracy of the probe when in an
annular space. Each annular gap was traversed in
turn and for every pressure differential measured,
great care was taken to ensure that a steady state
reading was taken, there being some delay because
of the small size of the probe before this con-
dition could be' achieved (~60 to 180s) . Micromano-
meter readings, however, showed little fluctuation
once the steady state value had been attained.

For the first model inlet velocity distributions
were determined at 3 flowrates in the range 82-
202 g s"1, whilst outlet velocity distributions
were determined at 5 flowrates in the range 80-
291 g s"1. With the second model flowrates of
80 and 100 g s"1 were investigated.

DISCUSSION OF RESULTS

4.1 Flow Distributions with Thimble Present

At Inlet to the Simulated Fuel Tubes: Comparison
of the normalised velocity profiles in Fig. 2 shows
that, despite the severe turbulence noted in some
of the measurements, they are on the whole similar,
circumferential position apparently making little
difference to the results. This meant that the
mal-distribution detected at the inlet to the test
section had not persisted as far as the fuel tubes.

FSA PBtSCNt

RADtAL OQUMX (cm) HAOlAl POSITION «ml

Figure 2 Inlet velocity distributions
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The results also indicated that, for the flowrates
investigated, the flow pattern at the inlet to the
simulated fuel tubes, although complex, was essen-
tially independent of flowrate.

At Outlet from the Simulated Fuel Tubes: The
annular gap Re values for the 3 mass flowrates
investigated, covered the range from ~3500 to
-10,500. Table I gives information on typical
flows in each gap.

TABLE I

COMPARISON OF MEAN GAP VELOCITIES

(Model 1, FSA Present)

Theor.
est. of

cities
(m s"1)
Mass flow
dist. (%)
s stat.
accuracy
(± %)

Laminar
flow

Turb-
ulent
flow

Mean
Vely

Accy

Mass
Flow

Mean
Vely

ftccy

Mass
Flow

Experimental mean gap
velocity (m s"1)

Experimental mass
flow dist. (%)

Re based on nominal de

Gap No.

1

8.41

20.4

14.3

8.61

8.3

14.5

8.05

13.3

6057

2

9.J.2

18.8

19.4

8.71

7.8

18.4

8.75

18.0

6583

3

7.92

19.1

18.4

8.21

7.7

19.6

8.02

18.1

6032

4

8.39

17.6

23.4

8.30

7.1

23.0

9.11

24,7

6859

5

8.10

17.0

24.5

8.14

6.8

24.5

8.81

25.9

6628

Total Mass Flowrate 131 g s-1

From theoretical considerations (see Appendix A),
it can be shown that for long parallel annular
spaces of the type present in a HIFAR Mark IV/V
fuel element, the apportioning of flow among the
concentric annular channels can be readily calcu-
lated and should be virtually independent of entry
or exit effects for low Re values. The theoretical
approach described in Appendix A, however, relates
to ideal parallel concentric tubes and takes no
account of the effect of possible variations in gap
size, either circumferentially or axially, on fric-
tional pressure losses. It also does not consider
the practical factor that, in the region where the
outlet velocity traverses were made, support combs
were present which locally reduced the flow area.
A correction factor to allow for the presence of
the support combs was incorporated in the general
theory of Appendix A and theoretical mean veloci-
ties prediced for each of the five annular spaces.
To determine the effect that variations of ±10% or
±4% in gap size would have on these theoretical
values, a statistical analysis was developed and
used to provide tolerances on the calculated
velocities.

The results of these calculations, together with
the measured mean velocities for the first model
and estimates of experimental accuracy (Table I),
indicate that corresponding measured and theoreti-
cally calculated values are in agreement. Further-
more the experimental data were independent of
total flowrates for the range of Re values investi-
gated. This indicates that although a quite
distinctive velocity profile was present just

before the flow entered the simulated fuel tubes
(Fig. 2), it did not have a significant effect on
the apportioning of flow to each annular space.
Such a conclusion would verify the assumption made
in Appendix A that the entry and exit pressure
losses to any particular annular gap have neg-
ligible influence on distribution of the flow.

The data and comparisons made using the second,
more accurate model verified these conclusions.

4.2 Flow Distributions with Thimble Removed

fit Inlet to the Simulated Fuel Tubes: The nor-
malised velocity profiles in Fig.2 show the flow
distribution to be reasonably symmetrical and
independent of circumferential position. They also
show that the flow distribution pattern to some
extent, depended on flowrate.

The fact that once again circumferential position
produced no significant difference in the observed
velocity profile indicates that, as with the FSA
being present, the flow mal-distribution detected
at the inlet to the test section did not persist
as far as the simulated fuel plates.

At Outlet from the Simulated Fuel Tuhes.-Examination
of the profiles of the annular velocity distribu-
tions and the magnitudes of the Re values within
the annular spaces (800 < Re < 4000) indicated that
laminar flow conditions, or conditions just in the
transition region, obtained for all gaps over the
range of flowrates investigated.

The velocity distributions measured in the open
central duct were radially flatter in form than
would be expected in fully developed turbulent
flow, whicn is consistent with the short duct
length (L/de -11).

All the mean velocities in the annular spaces
exhibited the characteristic of not being linearly
related to the total flowrate (see Fig.3) and
annular mean velocities actually decreased between
total flowrates of ~110 g s"1 and ~180 g s"1, cor-
responding to Re values at the throat of ~0.74 x
10s to ~1.19 x 105 respectively. The relationship
among the gap mean velocities also depended on
total flowrate. These two facts suggest that the
entry and exit pressure loss coefficients of the
fuel tubes changed radically between flowrates of
110 g s"1 and 180 g s"1.

Shown on Fig.3 are the calculated distributions of
flow in the annular gaps for Cases A, B and C of
Appendix A and the experimental data from model 1.
Considering the inaccuracies involved and the
small flowrates being measured, the experimental
data show fair agreement with predictions for
Case B at total flowrates up to 110 g s"1, and for
Case C at flowrates between 180 and 300 g s"1.
This suggests that for flowrates below 110 g s"1,
the flow patterns at inlet and exit are such as to
maximise the entry and exit losses for flow through
the central duct; whilst for flowrates greater
than 180 g s"1, the entry and exit flow patterns
are such as to minimise these end pressure losses.

Fig.3 also shows that for total flowrates below
110 g s"1, the theory predicts the correct sequence
of the flow percentages in each annular space in
relation to one another (i.e. gap 5's mass flow >
gap 4's > gap 2's > gap 3's). However for total
flowrates greater than 180 g s"1 it does not pre-
dict the correct sequence. This indicates that
the flow patterns across the ends of the simulated
fuel tubes affect the flow through the annular
spaces. As shown in the earlier part of Appendix
A, for low flowrates within long narrow annular
gaps, entrance and exit effects would not be
expected to influence the apportioning of flow
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Figure 3 Distribution of flow in annular gaps

among the annular spaces. However these conclu-
sions were based upon the contraction and expansion
loss coefficients at entry and exit being small and
equal for each annular space. If the inlet or exit
flow patterns were to cause pronounced changes in
any of these coefficients then the apportioning of
mass flow among the annuli could be affected. It
is considered that changes in the flow distribution
into the central duct caused the effect observed at
total flowrates greater than 180 g s"1. With the
second model only flowrates up to 110̂  g s"1 were
investigated and these data were in agreement with
those shown in Fig.3 except that the predicted and
measured values were mudh closer (within 6%).

5 CONCLUSIONS

5.1 Thimble Present

. Experimental results relating to the mean flow
distribution among the annular spaces agree with
theoretical predictions when account is taken of
dimensional tolerances.

The apportioning of mass flow among the annular
spaces ranges between 13% and 27% of the total
flowrate and is independent of total flowrate for
the range of Re values covered.

Inlet velocity distributions normalised to the
corresponding throat velocity are essentially
independent of total flowrate for the range of
Reynolds numbers covered.

5.2 Thimble Removed

Inlet velocity distributions normalised to the
corresponding throat velocity show a slight depen-
dence on total flowrate.

For throat Re values below 0.74 x 10s theoretical
predictions of flow distribution agree reasonably
well with experimental data, provided that certain
assumptions are made relating to the inlet and out-
let flow conditions. However the theory does not
adequately describe the experimental evidence for
the whole range of throat Re values investigated.

The mass flow in any particular annular space
ranges between 3% and 8% of the total flowrate and
shows an unexpected dependence on total flowrate
for the range of Re values considered.
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APPENDIX A

THEORETICAL FLOW DISTRIBUTIONS IN LONG CONCENTRIC
' NARROW ANNULAR SPACES AT LOW REYNOLDS NUMBER

Assuming that at levels 1 and 2 (Fig.l) , the static
pressures are uniform then the pressure drops for
all flow passages are the same and equal to the
summation of the inlet loss, the frictional loss,
and the outlet loss in each case.

Thimble Present:

For a HIFAR Mark IV/V fuel element containing an
FSA, the ratio of the total flow area within the
fuel tubes to that either just upstream or just
downstream of these tubes is 0.735. Bonnington
(1957) gives the corresponding contraction loss
coefficient as 0.13, and the expansion loss co-
efficient as 0.07. Assuming that the entry and
exit flow patterns for each annular gap are
similar, then the pressure loss for any gap n is
given by

AP = APn = (0.2 + 4fL/den)pnV*/2 (1)

where: for laminar flow it can be shown from
Knudsen and Katz (1958) , that if din = don, f =

24/Re; and for turbulent flow f = 0.046Re~°'2.

For typical flow conditions in the twice full-size
model, with 2000 < Ren < 10,000, the inlet and
exit losses contribute < 6% to the overall losses.
Consequently the first term on the right hand side
of equation 1 can be ignored.

M, the total mass flowrate
N
E P A_V.

n n
(2)

The velocity in each annular space can be deter-
mined for either laminar or turbulent flow con-
ditions, using equations (1) and (2).

Thimble Absent:

Considering a fuel element without a central FSA,
the ratio of the total flow area within the fuel
tubes to that either just upstream or just down-
stream of these plates is 0.80. Bonnington (1957)
gives the corresponding contraction loss coeffici-
ent as 0.10 and the expansion loss coefficient 0.02.
Assuming for Case A that (1) these contraction and
expansion losses apply for flow through the central
duct, (2) frictional losses in the annular gaps
are very much greater than the end losses, and (3)
laminar flow exists in the annuli, then the mean
velocities in each annular space and the central
duct can be determined by solving equation (2)
together with

96 (3)

Now consider the assumption that the flow through
the annular spaces is negligible and the total
flow is forced to enter and leave the central duct
CCase B). The inlet and exit flow area ratios for
the central duct then become 0.375, giving from
Bonnington (1957) inlet and exit loss coefficients
of 0.4 and 0.3 respectively.

Determination of the mean velocities in each
annular space and in the central duct can then be
obtained from equation (2) together with equation
(3) but with the first term in the bracket on the
right hand side of the equation set equal to 0.7.

Finally consider the situation where the flow
distributions upstream of the fuel region are un-
disturbed by the fuel tubes i.e. no entry or exit
losses (Case C). Then the equations to be solved
are (2) and (3) modified by the exclusion of the
first term in the bracket on the right hand side.
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SUMMARY Laminar and turbulent incompressible flow in the entrance region of a,''smooth pipe is analysed
by dividing the region into two parts; inlet and filled. Experimental data corroborate the theoretical
findings. /

Cf Skin friction coefficient

T T
Cf =

n

P

v

x

__

l/2ptj2 '
oo

l/2p U

shape parameter = 6_*
S**

velocity profile index in turbulent flow

static pressure; p , static pressure at inlet;

l/2p u£

r radial coordinate; R, radius of the pipe

Re Reynolds number = 2U R

v
u axial component of velocity; U , area average

velocity

U free stream velocity; U ,centre line velocity
in the filled region

u non-dimensionalized axial velocity = /

u or u

U,CO

radial component of velocity

axial coordinate; x.. = —
-1- R

x axial coordinate at the end of filled/entrancee . /region /

Xp axial coordinate at the end of inlet region

y vertical distance from the wall'of the pipe

S boundary layer thickness; /

6 = 6 6 = 1 in the filled region
1 R ' 1 '

5* displacement thickness =

6 momentum thickness =

6

n TT (1~Un ' ( l~ X- ' dy; 61*= ̂c UCQ uoo R 1 R

y
non-dirnensionalized wall distance = ~r

pressure gradient parameter =

or R dUc .
\i Ux '

6(X-2

|~ second pressure gradient parameter =

c v 6+6^

p coefficient of dynamic viscosity

v roefficient of kinematic viscosity

p density of the fluid

T.. wall shear stress
W

£ non-dimensionalized axial distance =
x
R.Re

1 INTRODUCTION

Investigation of laminar incompressible fluid flow
in the entrance region of a pipe, or a duct, has
been reported by several workers. The physical
model hitherto chosen consists of a viscous
boundary layer near the wall and a potential core
in the centre.

While Schlichting (1934) carried out a series
solution for the potential core velocity; Schiller
(1922) , an integral analysis with second order
velocity profile in the boundary layer; Atkinson
and Goldstein (1938), an addition of velocity
defect to the final fully developed Poiseuille
solution; in all these analyses, the tacit
assumption has been that the similar velocity
profile of the fully developed flow is reached
simultaneously at the location where the boundary
layers meet at the pipe axis - consequenting on
the vanishing of the potential core.

Experimental observations by the present authors
however, indicate that the potential core vanished
much earlier (inlet region) and that adjustment of
a completely viscous profile (filled region)
preceeds the attainment of fully developed flow.
A passing reference to such a phenomenon was
indicated by Goldstein (1938) .

In carrying out the present analysis, the entrance
region has therefore been assumed to consist of
(i) an 'inlet region" with potential core where
boundary layer equations are applicable, and (ii)
a completely vipcous 'filled region' where Navier-
Stokes equation, with order of magnitude analysis,
if possible, has to be applied.

Comparatively limited reference exists for the case
of turbulent flow in the entrance region. Aside
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