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ABSTRACT

Thin poper is concernod wilth the investigation of
beat and fluid flew In & straignt non-circular duck, with
specinl interest ta prediction of heat transfer from the
fuel rods in & pressurized water resctor during s postul-
ted loss of roplant accident. Theoretical solution for
the fully developed laminar flow in cusped ducts is descr-
Lhen. Yariables to be solved for sre the temperaturs and
veloolty distribution in the plene of the duct cross-section,
A4 atendard Finlite difference numerical procedure 13 used
and integration la effected using a point to point iteratiuon
method, The theoretical solution ls Found te provide
reallistic predections when comparec with experimentally
nbtained results.

INTRODUCT1ON

Fully developed flow and heat Lransfer in @ stralght
non-gircular duct of conatant crosa scctiomal ares has [(mpor-
tant practical spolicetions in the Field of Lhermal engineer-
ing. Ae a resull of the complexity ong nen-linearity of
the morentue equations, no general solutions are known which
sinsltaneounly include proper mllowencas for all the physical
effects included Lherein. Two basically different techninuen
fhave been used 1n exploiting the physical informalion succin- |
ctly contzined in the Naviar-Stokes equotiens, Ore method,
the one most receally employed, ia direct numerical wnolysis
in the mannar used in (1,2). Thwe ather technigue involues
zeparating flow processes into kinds or reqgimes in which
some simoler form of Navier-Stockes eouations wpplles (3).

In many cases, Lhe laninar flow oroblens are smenable to
snalytical solutions (4). The tuctbulent flow case in
considerably more camplex and necessitaten modelling of the
turbulance driven secondery flows which swxiat in the plane
of the duct cross-section.

Duting a postulated loss of coclant accident, tha cludd-
ing material, is subjected Lo high temparatures and pressure
difference (5,6). The combined effect of 3uch high temper-
ature and orresure difference mey leac to locel balloaning or
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swelling of the cladding, and in the sxtreme case the
caldding of the adjacent fuel rods comes in centact to

each other. In such case the ccouling process will not
be afficient when the emergency cooling system is put in
operation.

The above menticned geometry shape is idealized as
shown in Fig. 2. The case of turbulent flow in such a
4 cusp duct has been studied in reference (7) where
attention is focussed on the development of the rnumerical
technique and the nodelling of the turbulence charscter-
istics and secondary flows,

In this work a theoritical model is proposed to 3o0lve
Lhe problem of laminar flow in such G-cusp duct. To
examine the validation of the theoritical code, a test rgig
wae conatructed to simulate the situation in a nuelear
recactor (partly). .

EXFERIMENTAL APPARATUS

The experiments for studying the fluid flow and heat
Lransfer for water flowing in an ideslized geometry of 3
blocked channel of a pressurized water reactor utilized
the open-loop system &re shown in Fjg. 1. City water
enters the system through a needle flow meter (1) and is
ducted to a large upstream plenum (3) through the control
valve (2). The 4-cusp test section (6) spans between the
plenum chamber and s smaller downstream plenum (9). The
purpose of the plenum chambers was Lo provide a well def-
ined sbrupt inlet and exit for the test section. Two
plastic tubes (4) are used to connect the test section duct
in the system. The two plastic tubes are used to prevent
the back concuction heat transfer at the test section ends.
The water leaves the downstream plenum through the riser
(10) snd empties into the drain (12),

Test Seclion:

The duct is formed by four stainless steel tubes,
which ahown in Fig. 2, Each tube is 12mm outaide diameter
and lmm wall thickness and &4m long. Heating of the duct
wall was effected using a welding rectifier unit type MCRA
900 with maximum current of 900 amperes and maximum voltage

of 65 vglta. The heat flux in all tests was less than
6000 w/m~ which corresponds to the rete of energy release
several hours after resctor shutdown (5). The electrical
power was supplied to the test duct through two busbar conn-
ectione (5). Digital multi-meter was used to sense the
voltege drop slong the test duct with devision of 0.01 volte
and 1 D.C. ameter is used to measure the current passing
through the duct cross-sectign.
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All tests were performed at atmospheric pressure, The
test section was insulated with glass wool (7) mating to
minimize the external surface thermal losses. fhe test
duct as well as its thermal insulation and electrical
connections were contained in a wooden box (8). In order
to asses the magnitude of heat losses, the apparatus was
operated at low power without coolant flow and the wall
temperatures were measured, These data were then used
to correct the wvalue of input power in normal operation.

Temperature Measurements:

Local temperatures of the well surface were sensed
in five points by copper-constantan thermocouples (0.1%
mm diameter) as shown in Fig. 3. Two thermocouples were
also soldered to the inner surface of the cusped duct at
two locations 3.0 m and 3.5 m downstream from the channel
entrance to determine out the axial temperature gradient
dr/dz. All the used thermocouples were connected to a
24-point self switching temperature recorder, having a
full scale of 200 C. No significant effect was noted
indicating that natural convection effects were negligable.
This fact was alsoc confirmed by using the criterion

( Ge/Re’) < 0.002
proposed by Heiber (B8).

It is estimated that the total experimental srror in mea-
suring the heat transfer rate may rise to abnut 7%.

THEORETICAL ANALYSIS

In the snalysis of the considered cusped duct, the flow
and heat transfer are assumed to be fully developed. ODue
to symmetry, the analysis is restricted Lo the two dimensi-
onal region AOB shown in fig. 4, in which the axial momentum
and energy equations are solved under the following assump-
tions:
i- The flow is fully developed laminar, unidirectional,
and steady,
ii- The flow is two-dimensional recirculating, and
i1i- The fluid is incompressible and has constant viscosity

Using the polar cylinderical cooerdinates (r, 8 ,z)
as shown in Fig, &4, it is possible to describe the steady
state flow by the generalized form of Gossman et al. 1 which
is given by
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whera @ is a paremeter which stands for T and U, and YV is
the screan function, while the coefficisnte a,b,c and d
ore given in the following table:

B\Qﬂruimt a b e Source term“d"

u 0 v 1| (/g tapiar)
4 L] gﬁ; 1 {“ffﬂp}.fﬁlf?z]

Substituting for the values in the table one gets the
following basie equaliona:

2U
(1/9)@p/02) = g Yoc @/ - (/3. . gl B
Fnecqgy eguation:

rudT/92) - o e (3R -"-?"— = e zo0 ()

whatre 7 [/22 = constant, obtained from the overall Thest
balunce aver the axial length dz or experimentally.

The boundary conditions of the problem cen be atated as
follows (Fig. 5);

At the symmetcy line 0A 22U/ /948 = C and T1/26 = n
Al the symmetizy line 08, 2U/2& = 0 and TT/GE= 0
At the duct wall U = O and 2T/3n = -g/x (4)

where n is normal to the wall surface.

lo determine the teémpescature gradient 37/9n of the wall
surface, ong has Lhe relation

dT/dn = {dT/dr) (dc/dn) + (dT/d0)(d8/dn) (5)

To get the values i dr/dn snd d /dn consider the triangle
OPC shown in 7Fig, ? and apply the sine-rule one obtains

Sin (180-p)/4 (TR ) = sine /R,

That is, ein p = V2 5iné
Again, fram ifig. 5 one has

de/dn = san B = 12 sin ' and

2__‘

g/t
= Jeos (28) /r (8]

dr/dn = cos B/r = 1 - sin p{r = ll - 2 sln
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Substituting for dr/dn and d8/dn from equations (6) in
equation_is? one gets the discretization equation at tne
wall as follows

{2 sing {cos (26) 3/
T _ - = =-q/K
i,
,.r.i.!l'..l_”?smf_) _ ._T.L*:!_:_i. _kos (20) (7)
£5 = Fpo1 £y ( 93,1 - OJJ

ke domain of interest has been devided into 11x21
grids.  lhe grids have been examined and were satisfect-
pory in all inspections. The non-uniform step length were
employed In hoth directions r and . The gric¢ size 15
increased gradually away from the wall and corners. The
solution procesure is employed with the boundary conditions
in eguations (4) and (7). The nlgorithm of the computer
code employed in the present study is described in derails
in reference (1). Briefly, the procedure 15 to cast the
differential equaticns into descritization equations which
relates the variables at a point in the flow field to thet
a8t the gurroundings. A numerical sclution is then obtained
by iterative solution of the descritization equations for
a3 specified arrsy of nodes throughout the flow field by
Gaus-Siedel point to point method (2).

It will be noticed that in equations (2) and (3) conve-
ctive terms represanting effects of the cross-sectional
velocities do not appear. This is becaouse, 1n this analysis
the effects ol extremely small (typically of the order of
0.5% of the mesn axial velocity) but finite secondary flows
are ignored. The secondary flows play an important role
in the manner in which the axiasl velocity is diatributed in
the sub-channel and therefore significantly affect the distr-
ibution of the temperature at the wall whieh in turn i1s so
important from the peint of view of examining the cooling
process of the fuel rods.

RESULTS AND DISCUSSION

While the ipvestigation is primoarly concerned with heat
transfer, temperature disktribution along the length of the
duct was measured to help the prediction model. Fig. &

- illusterates the behaviour of the wall temperature aleong
the length of the duct for two different azimuthal positions.
Jt s clear that the axial wall temperature gradient dI /dz
is constant. This result agrees with that obtained friom
the overall heat balance over an axial element dz ss given by
the following relation
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N ,. P
T, =T, *a l:m'h)«»(':l c;>z].

w?ich applies to fully established flow with uniform heat
flux.

The fully developed nature of heat transfer condilions
at two sections 90 and 120 equivelent diameters downstream
are shown in Fig. 7, where the pheripheral wall temperatures
profiles exhibit identical shapes as obtained Lheoretically
and experimentally.

Most noticable is the temperature behaviour near the
channel corner, where the predicted values are lower than
those obtained experimentally. This difference may be
explained as due to the non-uniform nature of the heat flux,
which is not considered in the theoretical code.

Also, the temperature near the corner is higher than
the other pheriphersal temperatures which Is due to bad cooling
near the corner where the fluid velocity is low. The same
ie concluded from figures 8 and 9 where a campartrison between
the predicted and experimentally obtained values of heat
transfer coefficient and Nusselt number 15 ahown, The curves
indicate that the rate of heat transfer near the corners is
low which is physically acceptable. Acecording to the curves,
the experimentally obtained values of heat transfer coeff-
icients and Nusselt numbers are higher than that obtained
theoretically for different Reynolds numbers. This deviation
may be explained as due teo surface roughness which increases
heat transfer with increased friction losses as indicated by
Dippery and Sabersky (9).

Fipally, as the Prandtle number of water under atmosphe-
ric pressure and at temperatures up to 90°C jis considerably
higher than one (=2), it is expected that the velocity
boundary layer is thicker than the thermal boundary layer.
This is turn leads to bad cooling near the corners of the
cusped duct as indicated by the high values of temperature.

CONCLUSION

From the previous discussion it is concluded that the
proposer theoretical code is a good tool for the prediction
of the laminer convection problem in a non-circular duct
as applied to the d4d-cusped geometry, When the roughness
effects and the non-uniform nature of the heat flux are
taken into consideration realistic resuits may be ebtaiced,
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MOMENCLATURE
a,b,c,d fccasionel constants, coefficients
c Specfic heat, KJ3/Ky. grad
kP Thermal conductivity, w/m grad
g Heat transfer coefficient, w/m~ grad
q Heat Flux, w/mZ
"u fod outside radius, nm
u Fluid veloclity
y Kinematic vescosity, ml/sec
e Thermal difusivity, k/ e
¢ Density, Kag/m P
T Inlet tempersture, C
T" Wall tamperature ,C
p Fatted perimeter
] Presasure
" Mass flow rate
X Peripheral distance measured from lhe corner
Cr Grashef number
NU Nusselt number
Pr Prandtle number
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