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The work of this contract has been divided into the following
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\
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TASK III:
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BUNDLE GEOMETRY (WRAPPED AND BARE RODS)

TASK IA:

TASK IB:

TASK IC:

TASK ID:

SUBCHANNEL
TASK IIA:

TASK IIB:

TASK IIC:

TASK IID:

Assessment of Available Data

Experimental Bundle Water Mixing
Investigation

Experimental Bundle Peripheral
Velocity Measurements
(Laser Anemometer)

Analytic Model Development - Bundles

GEOMETRY (BARE RODS)
Assessment of Available Data

Experimental Subchannel Water
Mixing Investigation

Experimental Subchannel Local
Parameter Measurements
({Laser Anemometer)

Analytic Model Development-Subchannels

LMFBR OUTLET PLENUM FLOW MIXING

TASK IIIA:

Analytical and Experimental Investigation
of Velocity and Temperature Fields

THEORETICAL DETERMINATION OF tOCAL TEMPERATURE FIELDS
IN LMFBR FUEL ROD BUNDLES
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xiii

BUNDLE GEOMETPY (WRAPPEﬁ AND BARE RODS)

I.A - Assessment of Available Data

Experimental Bundle Water Investigations

61° Pin Fuel Bundles - Turbulent Flow

61 Pin Fuel Bundles - Lamlnar and

Transition Flow .

217 Pin Fuel Bundle.

6l Pin Blanket Bundles

Shaved Wire 61 Pin Blanket Bundle

37 Pin (P/D=1.15) Bundle

Experimental Method for Flow Split
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.8 Experimental Method for Pressure Drop
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Determination
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I.C Experimental Bundle Peripheral Velocity
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I.D.2 Transient TRANSENERGY
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I.D.4 Models for Mixed Convection
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I.D.4.2 Models for Mixed Convection — Assembly

I.D.4.3 Models for Mixed Convection - Core

I.D.4.4 Predictors of Inception of Mixed Convectlon

I.D.5 Determination of Shape Factors
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TASK I. BUNDLE GEOMETRY (WRAPPED AND BARE RODS)-

I.A Assessment of Available Data
This work. was last reported in Progress Report
' CO0-2245-72 dated September 1, 1979 - November 30, 1979.

No work was done. in the current period.

I.B. EXPERIMENTAL BUNDLE WATERAINVESTIGATIONS

I.B.1 61 Pin Fuel Bundles - Turbulent Flow

(Paul éymolon) |

Work on this task has been completed. The
results are reported in Report No. CO0-2245-51TR

Revision 1, February 1981.

I.B.2 ‘ 61 Pin Fuel Bundles =~ Laminar and Transition

| Flow
(Paul Symolon)
Work on this task has been completed. The

results are reported in Report No. CO0-2245-51TR

Revision 1, February 198l1l.



I.B.3 217 Pin Fuel Bundle
.(Paul Symolon)
Work on this task has been completed.

results appear in Report No. DOE/ET/37240-84TR.

I.B.4 61 Pin Blanket Bundles

Work on these bundles was completed and

The

reported in a series of topical reports by C. Chiu

which are listed under B.l - Original Topical Reports,

and under C.-Papers and Summaries.

I.B.5 Shaved Wire 61-Pin Blanket Assembly
(Song~-Feng Wang)
Work on this task has been completed.

results appear in Report No. DOE/ET/37240-86TR.

I.B.6" 37-Pin (P/D-1.15,H/D=13.5) Bundle

(Yee—Ning Chan)

The

New stainless steel rods and wires have been

procured with which to construct a wire-wrapped assembly

in an extruded, hexagonal housing originally used for a

217-pin bundle. The preparation of the fuel pins will



"begin socon. New flow collectors, a salt solution injector

and the injection rods are being fabricated.

I.B.7 " Experimental Method for Flow Split Determination
Work on this task was completed and reported in’
Report No. DOE/ET/37240-80 TR which is listed under B.1l of

this report.

I.B.8 Experimental Method for Pressure Drop Determination
This work was completed and reported in Report No.

DOE/ET/37240-77 TR which is listed under B. 1 of this report.

I.B.9 Expe:imental Method for'Mixiﬁg Parameter
Determination
| (Yée Ning Chan):
This task has been completed and will be issued

shortly as Report No. CO0-2245-62TR (Revision I).

I.C. EXPERIMENTAL BUNDLE PERIPHERAL AVELOCITY
- . MEASUREMENTS
(Laser Anemometer)
No work is being done on this task at the

present time.



I.D. ANALYTICAL MODEL DEVELOPMENT - BUNDLES

I.D.1 Steady-State ENERGY-III

(Tom Greene)

No work was performed on this task during the
present period; the last results on work in this area

were reported in DOE/ET/37240-76.

I1.D.2 Transient TRANSENERGY

(Tom Greene)

No work was performed in this area during the

present period.

I.D.3 Models for Forced Convection Analysis
Pressure Drop and Flow Split Models

(Sang-Nyung Kim)

The latest versions of the flowsplit and friction
factor.correlations of laminar, turbulent, transition flow
in wire-wrapped LMFBR rod bundle have been incorporated
into the Computer Code ENERGY-III. These correlations
are the work of J. Hawley and appear in Report No.

DOE/ET/37240-79TR.



I.D.4 Modele for Mixed Convection

(Paul.Symplon)

During this quarter, work has continued on a
literature survey of mixed convection in vertical tubes,
and on vertical surfaces. The review is organized in the
following fashion:

(1) Prandtl number effects in mixed convection

(2) Flow regime criteria

(3) Data and correlations

(4) Instability and transition to turbulence

(5) Diecussion'and conclusions

Due to an interruption of contract funding, no
progress has been made on hodification of the COBRA-WC Code
to MULTICS Fortran. Work has been done on the design of
the instrumented heater rod for the 4x4 rod test section.
Details will be given when the design is finalized. Table 1
summarizes the important parameters in ﬁixed convection found
throughout the literature review. Refer to this table if
any nomenclature is unclear.

PRANDTL NUMBER EFFECTS IN MIXED CONVECTION

Since the present research effort is directed
toward LMFBR applications (low Prandtl number fluid) the
determination of the effect of Prandtl number on mixed con-
vection is of importance, particularly since much of the
existing data is for water and air (moderate Prandtl number).

Lloyd and Sparrow [l] analytically determined

velocity and temperature profiles for laminar mixed convec-

tion flow adjacent to a heated vertical flat plate using



the method of local similarity. Their results for dimen-
sionless velocity and temperature profiles are given in
Figure 1 for Pr = 100, .72, and .003. It can be seen
that for a given GrX/ReXZ, the distortion of the velocity
and temperature profiles is much larger for the smaller
Prandtl number flows. Similar results were obtained by
Hommel [2] and Szewczyk [3].

A physical explanation for this behavior follows:
The "velocity overshoot" near the wall, or type II profile
observed for the lower Pr of Figure 1l is a result of buoy-
ancy forces near the wall; which in turn is a result of
the temperature profile. For a high Prandtl number, the
thermal boundary layer is tﬁin with respect to the momentum
boundary layer, as exhibited in Figure 2. Within the momen-
tum boundary layer, the-dynamics of the flow are dominated
by viscous effecté.

The thermal boundary layer can

be considered a region enclosing the buoyancy effects.
Therefore, for high Prandtl number, all of the buoyancy
éffects lie in a region dominated by viscosity, so no &el-
ocity overshoot occurs (viscous forces balance buoyancy
forces). For a low Prandtl number, the momentum boundary
layer is thin, so much of the buoyancy effects lie in the
inertia dominated region (see Figure 2). 1In thié region,
inertia forces balance buoyancy forces, and veiocity over-

shoot can occur., The inertia force is proportional to



udu/dx so large buoyancy forces in the outer region

causes u du/dx to be large, and overshoot occurs (small

du/dx

Pr), zero buo?ancy force in the outer region céuses u
to be zero, and no overshoot occurs.

The same argument may be applied to a develop-
ing internal flow, but the overshoot phenomena may be
more dramatic, because any increase in velocity near the
wall will be accompanied by a decrease in the centerline
velocity, due to mass conservation. |

Figure 3 gives some of the experimental results
of Buhr, et al [4] who measured velocity and temperature
profiles, along with Nusselt numbers at a fixéd axial loca-
tion (é = 74) in a vertical pipe with turbulent flow of
mercury. The velocity profiles of Figures 3a, 3b and 3c
show the effect of varying the heat flux (;%) at Reynolds
numbers of approximately 20,000, 30,000 and 60,000. As
the heat flux is increased the velocity profile distorts
with the velocity increasing near the wall, and decredsing
at the centerline., Figure 3d §hows'how the Nusselt number
varies with heaﬁ.flux for the three Reynolds numbers
(Re = Po/Pr). Note that for all three cases the Nusselt
number minima corresponds to the flattest velocity profile,
which occurs at ;2 =4034 to 0.6. This observation is in
“agreement with the argument in the previous progress report

regarding a decrease in the turbulence production for flat




velocity profiles. Buhr also observed that for high
.heat fluxes, limiting velocity and temperature profiles
are obtained.
Buoyancy-induced laminarization has also been
observed in mixed convection flow of sodium by Wendling,
et al [5]. Laminarization is predicted by Petukhov and
zhilin [6] for the flow of liquid metals in magnetic fields.
In this case, it is the magnetic forces rather than the

buoyahcy forces which reduce the turbulence production.
FLOW REGIME IDENTIFICATION AND CRITERIA

Since buoyancy plays an important role in many
practical heat transfer calculations, it is important to
know when the buoyant flow can be neglected with respect
to the forced flow (forced convection regime); when the
forced flow can be neglected with respect to the buoyancy
flow (free convection regime); and when both-are important
(mixed convection regime). In each of the above cases,
it is also of interest to determine if the flow is laminar
or turbulent. The flow regime map of Metais and Eckert
[7]1 given in Figure 4 allows these regimes to be identified
for flow through vertical tubes based on the parameters
Re and Gr Py (2) for 107 2<Py<l.

Additional criteria for mixed convection are
presented in Table 1. The criteria of Jackson and Hall [8]
was derived by expressing the fractional reduction in shear

stress due to buoyancy at y+=30 in terms of fluid properties and flow
properties (Re and Cf). the effect of the shear



stress on heat transfer was estimated, and Cf was expressed
as .046 Re-’2 to give the criteria shown. The criteria

is difficult to apply, because the wall temperature must

be known - to evaluate the Grashof number.

The criteria of Polyakov [9] was derived by work-
ing WithAthe turbulent energy equation, keeping the genera-
tion, dissipation, and buoyancy térms. He derived equations
for friction factor and Nusselt number under mixed convec-
tion conditions when the influence of buoyancy is small.
From- these equations he dérived the two criteria given in
Table 1. His results show that for smaller P, the influ-
ence of buoyancy appears earlier.

Kenning, et él [10] experimentally determined
a criteria for when wall temperature peéking occurs. This
.regime can be considered a subset of the mixed convection
regimé.

Hall [1l1l] derived a criteria for when heat trans-
fer is significantly impaired by buoyancy by deriving an
expression for when the shear stress at‘Y+ = 30 is approx-

imately zero, and hence the turbulence production nearly

zZero.
DATA AND CORRELATIONS
Figure 5 shows the flow regime criteria of Alferov
et al [l7]. Figs. a=d correspond to pipe diameters of 30mm,

20mm, l4mm, and 8mm respectively. For given heat flux (q),

and mean bulk temperature (tj) a point can be located on the
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plot. If the point lies above the boundary line for the
particular mass velocity, buoyancy forces must be con-
sidered.

Figure 6 presents the correlations of Petukhov
and Strigin [12,13] along with figures showing the
general trends predicted.

Figure 7 gives the data and correlations of
Kenning, et al [10]. Peaking in wall temperature was
observed for higher heat fluxes, and was attributed to
a reduction in turbulence production due to large buoy-
ancy forces. The subsequent recovery occurred when the
wall layer moved faster than the fluid in the core (Type
IT profile, or "Thermal Plume" in BNWL literaturé).

Some of the results of Connor and Carr [l14] for
the aiding flow of air in a vertical tube are given in
Figure 8., Curves 1-4 show the effect of increasing the
heat flux on velocity, turbulent shear stress, and tur-
bulent velocity intensity profiles. The Nusselt numbers
corresponding to profiles 1-4 are 14.8, 9.8, 10.6, and
10.7, respectively. The minimum Nusselt number corre-
sponds to the flat velocity profile (#2) and the nearly
zero shear stress profile. The improvement in heat
transfer results when the Type II profile develops, and
the turbulent shear stréss near the wall (and hence the
turbulence production) starts to increase. The minimum
heat transfer corresponds also to a minimum turbulent
intensity profile. Note that the turbulent velocity
intensity distribution for profile #2 is minimum at
Y/R = 1.0, but not a ¥/R = .2, which is contrary to my
expectation. V
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Figure 9 summarizes some of the results of Byrne
and Ejiogu [l16] for air flow in a vertical pipeﬂ Fig, 8a
shows the effeét of Grashof number on a Nu vs Re plot.

For higher Gr, a minima occurs in the Nusselt number’

due to laminarization. Figure 8b shows the same
data with a plot of constant Nu on a Gr-Re plane. It also
shows that the minima in heat transfer corresponds closely
to their criteria (see Table 2). Their criteria-for buoy-
ancy forces héving some effect appears to be quite conserv-
ative. The turbulence intensity and velocity profiles
across the tube are given in Figures 8c and 84 respectively.
Note that for the Gr =1.34 x 10° run of Figure 8a the min-
imum Nu occurs at Re 24 x 10% which also corresponds with
the minima in. turbulence intensity of Figure 8c, and the
flat velocity profile of Figure 8d. This is in agreement
with the turbulence production argument of the previous
Progress Report.

Some of the results of Alferov, et al [17] are
presented in Fiqure 10. The first plot shows the wall
temperature distribution for both upflow and dowﬁflow of
water, and the second plot shows the corresponding heat
transfer coefficients (dt/af==Nu/NuT) for a ﬁypical run.
Note that for downfldw, %/@f is constaﬂt with =x/d, but for
upflow, local deterioration in heat transfer is observed
due to laminarization. This is followed by a region of

stabilized (fully-develéped) heat transfer. The final
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plot shows a best-fit of the Nusselt number data plotted
against RaA/Rez. Curve "a" is plot of the minimum Nusselt

number (aMIN/af which occurs at (x/4) ), curve "b" is

MIN
a plot of the fully developed Nusselt number (a_,/a, which

occurs for (x/d))(x/d)ST),‘and curve "c¢" is the Nusselt
number for downflow.

This plot displays vividly the three regimes of
heat ﬁransfer:

(1) When RaA/Re2<3'10‘ﬂ the three curves converge
into one where o/agf =1. This is the forced
convection regime, where the heat transfer

depends on Re only.

(2) When RaA/Re2<l, the three curves converge
into one which is Reynolds number independent.

This is the natural convection regime.
Ra
(3) When - ? = 3x10"% to 1, both Re and Ra, are
e
important in determining heat transfer. This

is the mixed convection regime.
Correlations were also presented for the distance to the heat

transfer minima (x/d) and the distance to developed heat

MIN'
transfer (x/d)st.

INSTABILITY AND TRANSITION TO TURBULENCE

Since the heat transfer and frictional charact-'
eristics of a turbulent flow are considerably different from
that of a laminar flow, it is important to accurately pre-
dict the transition from laminér to turbulenf flow. Mathe-

matically, this prediction boils down to the following
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question: Can a given laminar flow withstand a distur;
bance and still return to its original state? If so, it
is stable and the laminar fiow Qill remain; If not, a
transition to turbulence will eventually occur. |

The analytical tool used to investigate this
question is linear stability theory. First, it is assumed
that there is a known solution Q, to the governing differ-
ential equation. Then a disturbance Q' is introduced into
the equation. The terms in Q, can be.subtracted out since

it identically satisfies the equation. What remains is

the disturbance equation.for Q', which is a nonlinear partial,

differential equation. If Q' is assumed small, and p;oducts
and pcwers bf'disturbance variables are neglected, a set of
linear partial differential eqﬁations are obtained. Further
simplification results if the flow is assumed to depend on
only one space coordinate'(parallel flow assumption). For

a given disturbance frequency the equations can be solved
for the neutral curves, which form a boundary for the stable
and unstable regions.

For a forced flow, the resulting equations (known
as the Orr-Sommerfeld equations) are of fourth order, but
when buoyancy forces are accounted for they are of sixth
order. Their complexity has left them unsolved until the
development of high capacity machines and sophisticated num-

erical techniques. If viscosity is neglected, somewhat
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simpler second order equations result. For this case it
can be shown [18] that a necessary condition for instabil-
ity is that the velocity profile has a point of inflection.
This is known as the "inviscid instability“.

Gebhart [19] studied the stability of a natural
convection flow over a vertical flat plate. He calculated
the neutral stability curves allowing for the effect of
wall heat capacity. |

Stability theory tells us that the critical
Reynolds number depends only on the velocity profile shape.
Many investigators replace stability analysis‘with experi-
ment plus a laminar flow computer solution, and correlate
instability with a particular profile shape calculated by
the code. Some examples of this follow:

Scheele and Hanratty [20] investigated experi-
mentally the stabiiity of fully developed mixed convection
flow in a vertical pipe 762 diameters long. They found
that stability depends primarily on the shape of the velocity
profile, which in turﬁ depends on the power to flow ratio |
(Gr/Re). For aiding flow, instability occurs when the vel-
ocity profile develops points of inflection, and transition
to turbulence involves the gradual groth of small disturb-
ances. For opposing flow instability is associated with
separation at the wall. Transition to turbulence occurred
shortly thereafter. Figure 11 shows the veloéity distri-

butions for aiding and opposing flow. For aiding flow the
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inflection point at the tube centerline occurs at Gr/Re=
32.94, and moves toward the wall for increasing Gr. At
Gr/Re=3l9.l, the velocity at the centerline is zero

and further increases in heat flux will cause reverse

flow near the tube center. For opposing flOW an inflec-
tion point at the wall occurs at Gr/Re=9.87; and moveé
toward the tube center for increasing Gr/Re. For Gr/Re
=52.2, the velocity gradient at the wall is zero and
further increases in Gr/Re result in reverse flow near thé
wall. These results infer that an inflection point at the
wall is not as destabilizing as an inflection point at the
centerline.

Sherwin and Wal}is (21) studied developing
laminar aiding flow in.a heated vertical annulus. Figures
12a and 125 shdw theif deveioping axial and radial profiles
for Grq/Re=400 (the inner rod was heated, and the outer
duct insulated). For x=3 thé velocity gradient at the
outer surface was nearly zero. The magnitude of the
radial velocities. decreases with x until x=2.9, above which
it increases. This behavior near x=3 was associated with
the initiation of unstable flow. Figure 12c shows the
numerical énalysis of. onset of flow instabilities along
with their experimental results. Agreement is reasonable,
and differences were attributed to asymmetry in the flow
near the unstable region. This asymmetry was also observed

by Scheele and Hanratty (20).
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Lawrence (22) investigated laminar developing
flbw in a circular tube. His theoretical solution was
used to obtain developing axial velocity profiles for the
cases shown in Figure 13. The experimental data gave the
axial position at which instability began. Thus calculated,
unstable profiles were obtained for different Reynolds
numbers. His results showed that transition always
occurred after the profile had developed an inflection
point with a Type II profile. This corresponds to the
results of Scheele and Hanratty. By trial and error,
Lawrence found a transition parameter based on the
velocity profile shape, and correlated it against
entrance Reynolds number as shown in Figure l4.

DISCUSSION AND COﬁCLUSIONS

The Nusselt number data of Buhr et al (4)
for mercury was plotted as Nu versué Ra/Re, and a
family of curves was obtained for each Pe (Figure 34).

If we repiot this data using the correlating parameters
of Petukhov and Strigin (12), the data correlates to
within + 10%, as shown in Figure 1ll. The Nusselt
number minima occurs at Ra/R&=2x10-° and is 68% of the
turbulent forced convection Nusselt number (given by

the Lyon equation, Nu=7+.025Pe-%). For comparison,
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L3

Petukhov's correl;tion for water data is drawn in. For
water (2<Pr<6) the Nusselt number minima occurs at
Ra/Ré& =1.6x10~° and is 46% of the turbulent forced con-
vection Nusselt number. From these results we can
conclude that: - |

1) For a lowér Pr fluid, the mixed convec-
tion regime is entered sooner (lower heat flux, higher
Reynolds number) than for a higher Pr fluid. And,

2) The resulting deterioration in heat
transfer is larger for the higher Pr fluid. Conclusion
No. 1 follows from our discussion of Figure‘Z, and
conclusion No. 2 may be expected because when buoyancy’
effects decrease the turbulent transfer, the higher
molecular conductivity of a lower Pr fluid can sustain
higher heat transfer rates due to ;onduction.

Tébie 3 gives estimated LMFBR normal and
shutdown operating conditions. The geometry, linear
power, and coolant velocity was taken from Reference 15.
Fluid properties were evaluated at 900°F. The value of
Ra/Ré for interior and edge subchannels for the fuel
and blanket assembly is given. These results can be
compared with Figure 11, which gives Nusselt number

versus Ra/Ré for water (Pr=6) and mercury (Pr=.02).
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Sodium has a Prandtl number less than that of mercury
(Pr=.005) so its curve is expected to lie to the left

of the mﬁrcury curve. The Ra/R& Valués of Table 3 show
that an LMFBR in shutdown éonditions is operating in the
mixed convection regime. Furthermore, the edge channel
of the blanket assembly can be expected to be in the
"thermal plume" regime where heat transfer is enhanced
by low Reynblds number turbulence and Type II velocity
profiles near the heated wall.

Petukhov (13) has stated that his correlation
is valid for x/d>40 where the flow and heat transfer
are fully developed; hence he takes no account of the
axial coordinate in his correlation. Kenning's results
QKiO) show that the heat transfer coefficient is varying
with x ﬁp to x/d=80, so it is doubtful that fully
deveféped conditions are achieved for x/d>40 as stated
by Petukhov.

It is apparent from Figure 15 that the pafame—
ter Ra/Re? does not correlate data for different Prandtl
‘numbers. Connor and Carr (l4) attempted to correlate
data for variops Prandtl number fluids in terms of the
parameter GrA/ReZ. They found that the Type II flow
data (data to right of Nusselt number minima in Fig. 15

where the maximum velocity is not at the tube centerline,
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or the "Thermal Plume" flow regime from BNWL literature)

is correlated by:

263

(1)

A plot of the Type II flow data and the correlation
(eguation 1) is given in Figure l6a " The Type I flow data
(velocity maximum occurring at the tube centerline) ddes
nbt'correlatg in terms of this parameter.
As in Petukhov's.correlation, an L/ﬁ factor

is not included. Connor investigated the size of the
errors introduced by not including an L/D factor by
comparing the measureﬁents of Kenning et al (10) at
different axial locations with equation 1. This is
done in Figure 1l6b where Type II flow data from five of
Kenning's runs are shown. The chains of points represent -
measurements at different axial locations. for the same
run.. Considerable variafion is observed, but is generally
less than 20% of the predicted value. .

- Though the Me?ais-Eckeft flow regime mép is
not valid for low Prandtl‘number fluids, it is of interest
to aetermine where the low Pr mixed convection regime lies
on this plot. The paraﬁeter GrPr 2 was calculated for

L
each of Buhr's 20 runs. The points are plotted on the
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flow regime map of Figure l7.A Each chain of points repre-
sents a constant Reynolds number with the heat flux
varied. The diagonal line AA represents those runs with
flat velocity profiles (Runs 7, 12, and 15 from Figure 3).
All of the points shown are in the turbulent mixed
~convection regime, but on the plot appear in the turbu-
lent forced convection regime. The circled point (Run
#16) is close to the forced convection regime, because
Nu/NuT=.88 (the transition from the forced convection_

to the mixed convection regime is defined as the line
where Nu/NuT=;9 by Metais and Eckert)., Line BB must be
close to the forced-mixed transition for low Pr fluids.
The "Thermal Plume" regime for low Pr fluids is to the
right of line BAA. 1In this region heat transfer is
‘described accﬁrately by equation 1, and Type II velocity
profiles exist.

It appears to the author that the flow regime
map gives the wrong Prandtl number effect. As discussed
previously, the mixed convection regime is entered sooner
for low Pr fluid than for a high Pr fluid. The flow
regime map appears to give the opposite trend.

In this literature review, two experimental
techniques have been discussed to investigate heat trans-

fer in mixed convection flows. The first is to make
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Measurements at a fixed axial location, and observe how
things vary with heat flux and flow rate. Buhr and
Petukhov used this technique. The second is.td make
measurement§ at various axial locations for a range of
heat fluxes and.flow rates. This technique was used by
Kenning. ©Only with this technigue cah wail temperature
peaking be observed. How then is wall temperature peak-
ing related to the minima in the Nusselt number observed
by Buhr and Petukhov? 'The answer is that the laminari-
zation phenomena is occurring for each case, but how the
velocity profile changes are brought about differs. What
is important is the integrated heat addition from the
inlet to the measuring plane. 1In one case the total heat
added to the buoyant layer is varied by changing the heat
flux, and for.the other case it is varied by changing the
measuring station.

Consider the Re=7,000 run of Kenning's data
(Figure 6). For low heat fluxes h decreases with x.
And Tw increases with x. Only for intermediate heat
fluxes does h have a minimum. The data from this run
has been transformed into the coordinates of Figure 11
with h/hT plotted against g" for three x/d values.
Figure 12 is an idealized plot With the noise in the data

eliminated. These plots show:
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1) If x/d effects are ignored when they are
really present, larger scatter in the data will be
observed (see also Figure 9b which shows same informa-
tion) and wall temperature peaking will not be seen.

2) If x/d effects are considered, three
regimes can be identified as shown on the plot. The
wall temperature peaking regime can be identified where

h initially decreases with X, then increases.

{
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TABLE 1

Definitions of Important Dimensionless
Parameters in Mixed Convection

Name

Dimensionless Group

25.

Reynolds Number
Rayleigh Number

Prandtl Number

Grashov Number
(Basic Form)

Grashov Number
Based on axial
temperature gradient

Grashov Number
Based on heat flux

Grashov Number
Based on axial
distance

Petukhov's Correlating
Parameter

Carr's Correlating
Parameter

IC=isolated cell only,

i.e.

Re = .U_d..
v
Ra = Gr Pr
e '
Pr = —%—
. m . 3
K v*
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_ 4 GrNu
Re Pr
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n 34
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= gr Gr Nu
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TABLE 2

CRITERIA FOR TURBULENT MIXED CONVECTION

FOR AIDING FLOW IN VERTICAL CIRCULAR TUBES

3 Author (s) . . . Range of
| ' (Reference) Criteria Equation Applicability
Jackson Criteria for when buoyancy ,7<prb<5‘
and Hall reduces heat transfer coef- el (Eﬂ)(ghny
(8] ficient from forced convec- T Ub  Pu <10~
tion value by less than 5%. 27 5
‘ Reb Prb
2,75 1/8 2/3
Polyakov For when a 1% deviation of -1.3x10 Re Pr[Re +2.4(Pr-1) pr>1
Nu from its forced convec- Grq— : T r2
[91 tion value occurs log'Re+l.lSlog(5Pr+l)+7Pr-13
— 4 2,75
For when a 1% deviation of Grq= 2x10 PrRe
friction factor from
forced convection occurs
*
! Kenning, For when wall temperature Grb -5 0<x/d< 80
et al peaks (local reductions in >4 x10 1.5¢ pre<7
[(10] heat transfer coefficient) Rep** Pry’ ' b
occur '
Hall For when heat transfer is Gy _
[11] impaired by buoyancy = =,7x10"" None given
A Re 2
Byrne and Criteria for significant 1.8
Ejiogu buoyancy effect on heat Gr/Re .05 '
[16] transfer None given

For minimum heat transfer

N
(o))
L



TABLE 3

LMFBR Normal and Shutdown
Operating Conditions

27.

Geometry

Fuél Assembly

Blanket ASsemb]y )

‘Rod Diémeter, ft

.0191666 .043333
. S 7 Jint. .0138558 - .0120904
Hydraulic Diameter, ft . R i
. , ' | edge .01902166 :0187963'
' - int. |  .0301066 .0630666
~ Wetted Perimeter, ft . — — :
o - |edge |  .0420858 .0914016
- .Condition Normal{Shutdown| Normal Shutdown
- Linear Power, kw/ft L6 | ~.512 '5.4.16 .248-.736
CoolantVelocity,ft/sec 25 .925 | 1.6-8 .059~.296
Power-to-Flow Ratio* 1.0 .865 1.0 1.243
int. 1.TE5 4084 3.5-17 E4. 227 - 6412
Re ‘ ' ' " —
edge | 1.5E5 5605 .96-4.7E4 3563 - 1772
| int. |32.3 | 28.2 [18.6-65 | 37 - 128
R4 _ .
edge | 60.1 52.4 52 - 182 102 - 359
int. 2.6E-9] 1.7E-6 .156-2.2 E-9} .007-3.1 E-6
Ra/Re? _
edge | 2.7E-9f{ 1.7E-6 .56-8.2 E-8] 1.1-8.2 E-4
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FIGURE 3

Experimental Results of Buhr et al (4)
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FIGURE 4

Flow regime map for flow in

‘vertical tubes (Metais and Eckert (7))
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Correlations of Petukhov and Strigin

FIGURE 6

(12,13)
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Correlation ‘Range of. Validity
Nu_ _ gg -1 Ra -3
Na =[1+720 Re] §€< 1.6%x10 X Pr< 6
© x/d>40
v 1/3
Nu _- Ra Ra -3
Na = 3.97(Re) 16 < Re é 1.6%x10 2<Pr<6
' x/d>40
300 < Re < 3x10%
f Ra -4 :
=— =[1+ 3.5 ——=] 5%x10%<Ra < 8x10°
£ . 3/2° .
e} Re
2 < Pr < 6
. 1/3 ' -
Nu _ Ra 300 < Re < 25000
ﬁG; —[l+.Q3l ﬁE]
300 < Ra < 8x10°
-.15 exp[-2(§%_f8)2] 2 < Pr< 6

where:

Nu_=(£_/8)Re

Pr/k +12.7/fo/8 (P:2/3-l)

f =(1.82 log Re-1.64)2

K =1+ 2

o)
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0

e

1004

104
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FIGURE 7
34.

Experimental results of Kenning et al (10)
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FIGURE 8 | ’ 35.

Experimental Results of Connor and Carr (14)
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FIGURE 9

Experimental Results

of_Byrne‘and‘Ejiogu

36.
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FIGURE 10

' . : ' 37.
Results of Alferov et al (17)
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FIGURE 11 -

Results of Scheele and Hanratty (20) 38.
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FIGURE 12 | 39,
Results of Sherwin and Wallis (21) T '
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Petukhov's correlation
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FIGURE 16
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FIGURE 17

44,
Flow Regime Map with data points
From Buhr's Murcury test.
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FIGURE 18
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.D.5 Shape Factors for Transverse Conduction
in Rod Bundles

(Sang-Nyung Kim)

X During this'quarter work has involved setting
ﬁp the B@DYFIT Computer Code to be used in shape factor
calculations. The objective for next quarter is to |
calculate shape factor from the temperature distribution
profile provided by the output of BQDYFIT. This shape
factor includes the .axial direction variation which
represents developing velocity profile effect of entrance.
After comparing the outlet temperature distribution between

the developing and fully-developed flow, representatiVe

values of shape factor will'be determined.
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.TASK II SUBCHANNEL GEOMETRY

This task was completed and last‘reporf
results appear in Report No. CO0-2245-45TR, Juiy
1977 which is listed under B.l - Original Topical

Reports.

TASK III LMFBR OUTLET PLENUM FLOW MIXING
I1T.A Three-Dimensional Steady Isothermal Flows
(Robert W. Sawdye)
During the period of this progress report the
student working in this area was at Battelle Northwest
Laboratories working with Dr. D. Trent on TEMPEST deveéelop-

ment to become more familiar with the code.

IIT.B Buoyancy Effects and Numerical Treatment of the
Convective Equation

(Soon Chang)

The purpose of the wqu in this effort is to
improve the treatment of the advective terms in the fluid
flow conservation equations. This effort is motivated by
recognition that most of the problems of numerical simula-
tion of fluid flows arise from imperfections in the avail-

able treatments.
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During this period, the two-step characteristié
method has been studied. Basically, there are two different
methods of numerical treatment for hyperbolic partial dif-
ferential equations: the direct finite-difference method,
and the method of characteristics. Previous study dealt
Qith donor-cell, inﬁerpolated donor cell, central differ-
encing, two~step central differencing and artificial
‘'viscosity schemes based on the finite difference method.

Tfeatment of the convective term in the method
of characteristics is dealt with as a method to reduce the

effects of truncation errors including numerical diffusion.

Method of Characteristics for the Solution of Turbulent

Incompressible Flow in Two Dimension

The method of characteristics generally has been
used for the solution of quasi-linear hyperbolic differential
equations, governing compressible flow and the flow of small
compressibility in one dimension where the sonic charécter-
istic 1line is éqnsidered ana diffusion effects are neglected
via the Isentropic relation-(%%) =c?, together with the
continuity equation,to give the';ressure equation. Then the
pressure can be calculated along the sonic characteristic

line. However, there are several difficulties in the

application of the characteristic method to turbulent
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incompressible flow in two dimensions which concern this
study. First, sonic characteristics can not be used to
calculate pressure because the sonic velocity in
incompressible flow is infinite. Second, turbulent
incompressible flow is subject to turbulent diffusion

which can not be dealt with in the classical chafacteristic
method. Third, a difficulty in using the method of charac-
teristics lies in the application‘to multidimensional cases.
In order to overcome the first and second difficulties, a
two-step method has been designed. To overcome the third
difficulty use of a multidimensional characteristic integralf

and interpolation scheme is being studied.

The Basis of Characteristic Method

The convection equation in two dimension is as
follows:

d

@)

9Q
3¢ T U

The physical meaning of Eq. (1) is that the transported
quantity, Q, remains constant along the characteristic
line defined by g% = u and %% = v. The method is based
upon the determination of these curves, in other words the

trace of curve.
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Two-Step Characteristic Method

Navier-Stokes equations and continuity equation

are as follows:

»n+l -»n

—_ * @A) Wi hegraa p™ = O (2)
and

dir ﬁn+l = 0.

The above Navier-Stokes equations are éeparated’in the two-

step method in the following way.

;—Gn »n +n
Af + (u.V)u =0 ’ (3a)
and’
»n+l % .
u—-K'E—ll - \)K-lin+l + g—fad pvn'+l = % ’ (3b)
subject to
daiv ot - 0.

Eq. (3a) represents the convection of the momentum and is
purely kinematic. Eq. k3b) represents.theveffect of vis-
cosity.of turbulence, pressure and bodv forces. Eq. (3a)
"is solved using the characteristic methed. Eg. (3b) is
solved using finite difference methods. To satisfy the
continuity equation, pressure is calculated using MAC

method or SMAC method.
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Future Work

First, methods to determine the characteristicv
curve in two dimensions will be studied. AThis work
requires numerical integration and interpolation. Second,
the implementation of the two-step characteristic method
on the computer code will be done. Third, analytical
truncation error analysis of characteristic method will be

performed.

References:

J. P. Benque, B. Ibler, A. Kerami, G. Labdie, "A Finite
Element Method for Navier-Stokes Equations", Electricite de
France.

Y. W. Shin, C. A. Kot, "Two-Dimensional Fluid-Transient
Analysis by‘the Method of Near Characteristics", Journal

of Computational Physics, 28, 211-231 (1978).
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IV. THEORETICAL DETERMINATION OF LOCAL TEMPERATURE
FIELDS IN LMFBR FUEL ROD BUNDLES |
Wire-Wrapped Rod Bundle Heat Transfer Analysis

(Chung-Nin Channy Wong)

Introduction

The last progress report (ref. 1) mentioned that
a subroutine package which is used to solve the energy

equation has been added to the computer code. Results of

" some calculations have also been discussed. However, this

énergy-equation-solver utilizes an explicit time differencing
scheme for the convection term which has some disadvantages
in many cases. An example of this drawback is evident in
the analysis of a steady state heat transfer probleﬁ
withbut any buoyancy effect. If one excludes the buoyancy
effect, one can decouple the momentum-~energy equations
and solve these two equations separately. Unlike the
momentum equation, the energy equation is linear and much
easier to solve. So there }s no need to treat the convec-
tion term explicitly if one is only interested in steady
state non;buoyancy effected prpblems. Therefore, it

|

definitely saves money and time to use a fully implicit

energy-equation-solver for some problems.
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-Fully Implicit Energy-Equation-Solver

The new approach to analyze any heat transfer problem
can be found in Figure 1. It is written in a flow-chart
form and it illustrates how'the present code operates.
For‘those problems without buoyancy effect, a new path
has been added. First, the code will check the time
control parameter to determine whether this is a steady
state or transient problem. If the designated problem is
a steady state problem, a fully implicitAenergy-equation—
solver, Subroutine ENERG3, will be used. In ENERG3

both convection and conduction terms will be treated
implicitly. The successive over-relaxation (SOR)
iterative technique is used to calcdlate the new tempera-
ture. The successive peripheral relaxation (SPOR)
iterative technique has been triéd but without success.
Therefore the SPOR technique has been dropped and the

SOR technique adopted.

For the transient problem, there are two choices
to be made by the user. If the implicit treatment of the
convection term is desired, the code will use the fully
implicit eﬁergy—equation-solver, ENERG3. However, for the
case in which explicit treatment of the convection term is
desired, there 1is another criterion to be determined.

It depends upon the Prandtl number. If the Prandtl number
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is greater than or equal to one, the heat conduction term

can be treated. explicitly because the size of the critical
time step is still controlled by the explicit treatment

of the momentum equation. It is not necessary to use

any iteration to update the temperature value. Direct

substitution, which is much faster, is good enough. On

. the other hand, if the Prandtl number is less than one,

the conduction term has to be treated implicitly and an

iterative method is the technique required to calculate

the new temperature.

Result

' Two steady state problems have been run and
analyzea. The first one is a simple slug flbw in a cir-
cular duct accounting for the thermal entrance effect.
The second one is a hydrodynamically fully developed
laminar flow in a circular duct also accounting for the
thermal entrance effect. Thus, both problems will have
2D velocity and 3D temperature profiles. To achieve the
steady state or equilibrium level, the time is set at
a very large value, which is about 100,000 sec.

| Figure 2 and Figure 4 present ?lots of the
developing temperature profiles of the slug flow problem

and the laminar flow problem respectively. These results

—



56.

"were also used to compare-with the fullyhdeveloped tem-
perature profile obtained from analytical solution. The
agreement of these comparisons are satisfactory. Figure
3 and Figure 5 are plots of the Nusselt number vs the
axial length. These two graphs (Figure 3 and Figure 5)
show that there is a slight difference in the fully
developed Nusselt number between the finite difference
method and the analytical solution. The difference is
about 4.75% for slﬁg flow and 5.5% for laminar flow.
This can be explained by two reasons. The first is that
a linear extrapolation is used to evaluate the wall
temperature. This method will under-predict the value
because the curve is parabolic rather than linear near
the wali. The second reason is that axial heat c¢onduc-
~tion is included in the finite difference method whereas
analytical technique excludés any axial heat conduction.
These two effects wiil improve the heat transfer and

increase the value of the Nusselt number.

Future Work

The development of the computer code Heat Flow
3DT for the bare and wire-wrapped rod bundle geometry
will continue. Results and discussions will appear

in the next progress report.
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