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SUMMARY

A rectangular natural circulation loop with heat exchangers in
the vertical legs was used to obtain heat transfer and fluid
friction data from a tube bundle under unatural circulation comdi-
tions. A Zl rod bundle arranged 1n a square array with a pitch=-
to-diameter ratio of 1.33 was used as the test heat exchanger.
Deionized water at atmospheric pressure was used as the working
fluid in the loop. Natural circulatiom resulted from the den-
sity difference of the fluid within the loop between the two
vertical legs of the loop.

Steady-state and transient experimen”s were performed. Baseada on
the steady-state data obtained, empirical correlations for fluid
friction and heat transfer of the <circulating fluid flowing
through the tube bundle werc developed. The pressure drop im the
loop was found to depend on the Reynolds number. Friction factor
relations for laminar forced flow through tube bundles were found
to accurately moudel fluid frictiou of the circulating fluid
through the test bundle. Empirical correlations for the average
Nusselt number were developed for both parallel-flow and
counter-flow arrangemeuts of the test heat exchanger. The place-~
ment of grid spacers on the test bundle was found to have little
ceffect on the total flow resistance of the circuleting fluid,
while enhancing the average heat transfer from 5% to l5%, depend-
iog on the thermal and flow conditions.

The dynamic response of the circulating fluid and of the loop
structural components was predicted from a one-dimensional model.
The model equations were solved numerically wusing a finite-
difference method, Local temperatures and flow rates of the cir-
culating fluid were predicted for three step changes in the heat-
ing rate (start-up,step increase and step decrease), Good
correspondence was obtained between the predicted and measured
local temperatures and the time to reach steady-state conditions,
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NOMENCLATURE

Coefticient in Famning frictionm factor relation

Cross-sectional flow area of loop components

Cross-sectional area of glass tubing

Cross-sectional area of insulation

Constant in Faning friction factor relation

Constant in expression for Nusselt number om inside

tubes, Eq.(4.14)

Constant in total resistance relatiom, Eq. (3.10)

Specific heat

diaceter of heat exchanger tubes

Hydraulic diameter defined im Eq. (3.6)

Inside diameter of glass tubing

friction factor

Mues flow rate of circulating fluid

Grashof number defined by Eq.(3.16)

of



Gr

ht

Grashof number based on average neat flux inm the source

lg defined by Eq.(3.15)
Gravitational constant, 9.81 m/s
Average heat transfer coefficient ou outside of tubes

Average heat transfer coefficient on outside of insula-

tion in ambient

Local heat transfer coefficlent on inside of tubes

Local heat transfer coefficient of outside of tubes

Local heat transfer coefficient of inside of glass tubiog

Total form loss coefficient for flow arouand the loop, see

Eq. (3.10)

Thermal conductivity

Length of tube bundle in source leg

Mass flow rate of fluid passing through tube bundles
Average Nusselt number on outside of tubes

Number of tubes in a bundle

Pressure of circulating fluid or perimeter

Pitech (spacing) of tubes in bundie

Heat transfer perineter, (n x co)

xi



Pr

ot

si

Shear perimeter, (Ph; - ZuD‘)

Prandtl number

Inside perimenter of tubes

Qutside perimeter of tubes

Inside perimeter of glass tubing

Heat flux

Effective flow resistance

spatial co-ordinate about the leoop

Local temperature of circulatig fluid in loop
Driving temperature difference

Average temperature difference bDetween tubes and circu-~

Lating fluie

Local glass wall temperatures

Local insulation temperature

Local temperatures of fluid passing through tube bundlies
Local temperature of circulating fluid Lo source sink leg
Local temperature of circulating fluid in source leg

Local tube wall temperatures

xii



W

Reference texperature of circuiating tiuld

fime
Cross-secticn averaged velocity of circulating fluid

overall heat trausier coefficlent DbDetween clrculating

fluid and ambient
Spetial vo-ordiunate io vertical directien

Reclprogal of the flow aree integrated about the loop,

a = /da/A

i
Thermal coetficient of expansionm of water
Porosity of tLube bundle
Density of tluié or lecp structural componeats
Fricticvoal wall shear stress

Dysamle viscosity of fluig.

xiad
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4 wide ranse of geometries, are used to provide comparisons with
natural circuiation resuivus. It has been Jdetermined, im general,
that friction factors anmd neat transfer coetficients tor mnatural
circulation flows are higher thanm would be predicted from forcec
flow correlatiocuns (Uruscczynski and Viskaata, 1983). Fex
example, Kemeney and GSomers (1981) have shown that as matural
convection effects become more significant in combined free ana
forced convection flow in vertical tubes, tne frictiom factor,
based on the Reymolds number, increases above the value that
woula be predicted Dby the forced flow relation. An analysis of
combined convection heat transfer in an intinitc red array by
Yang (1979) with wuniform 4imposed heat flux imdicates that the
effect of natural convection is to increase the Nusselt number
and pressure drop.

Some important results from axial forced «comnvection flows over
tube bundles should still be applicable to nmatural circulation
flows. Sparrow and Loeffler (1959) have presented an analytical
solution for lougitudinmal, fully developed laminar flow between

cylinders to determine pressure drop and friction factor: for
arrays with different porosities. They found that the friction
factor increases as the porosity of the bundle decreases, Fer

laminar forced flow, Schmid (l966) has shown that, except for
small pitch-to-diemeter ratios, each imdividual tube <could bde
considered 1isolated from the other tubes. The tube bundle could
then be divided iunto a nuamber of cells. All correlations would
be Dpased on this “effective flow ares about ome tube, Mohanty
and Roy (L979) have tound that the experimeotal data for the
friction factor im lamioar flow could accurately be correlated
with Blasius correlations using the hydraulic diameter of one
Ltube Dased on the effective flow area. Up-to-date reviews of
fluid friction an¢d heat transfer data for Low Reynolds number,
torced <coovection flow are availadble (Jowansen, l983a, Johansen,
1983b, Rehmse, 1983) and there is Do need to repea” them here.

Grid spacers are often wused ¢to separste 7rods in PWR fuel
assenblies. Much work has been done to ¢eteraine their eftect ocu
heat transfer and pressute arop for forced flowv conditions. No
work appesars to have been reported, however, <onsidering these
effects in uwatural circulation flows. Based ou previous results
(Johansen, L783a; Vieck and Weber, L9700, Marek and Rehme, 19/9;
Bragioa et al., 1981) (it has been determined Chat the blockage in
the flow created by the grid spacers increases the pressure arop
kn0d enhances the heat transfer due to mixing 12 the regiocn of the

spacer. The enhanced heat transfer is maximum in the vicinity of
the spacer grid and diminishes exponentially downstream of the
spacer, Yao et al., (1982) have presented the mest comprehensive

collection of the existing pressure d4rop and heut transfer data.

They also have reported an empirical relaticu correlating the
data for the different geometries comsidered.




1.2 Objectives and Scope of Research

The meain objsctive of this rcesearch 1s to gai a Detlter
understanding of fluliad flow and heat trsasfer of a singlie-phase
fluid for natural circulation flow loumgitudinal to a tube bundle
which is prototypic of PWR fuel elements. The specific goals of

the research project are the follewing:

1. Measure beat transisr coefficlients on & tube bundle ia the
abaence of rod spacers under natural clrculatior conditlons
in an atmospheric pressure loop usiang water 88 & workiog
tluid and correlate the experiwental date.

Z. Measure heat transfer coefficients om a bundle with rod
spacers and cortelate the experiwental data,

3. ULeveliop &« wodel to predict the dynamic benavior of the
natural coovection circuleation leep (circulation tluid and
structural components) and compare the Tesults with the
exparimesntal data,



2. EXPERIMENTS

2.1 Natursl Circulation Loop and Tube Bundlies

The single-phase natural circulation loop used in the experiments
is shown schewarically in Fig.l.l. The loop is constructed from
Kimax glass tubing and consists of a tube Dunale i.e,, beat
exchangers) in each of the two vertical legs of a rectangular
Loop. The inside dimmeter of the glass tubing is 7.62 cwm, To
insure that the wanufacturer”s specification for the safe
pressuxe of the glass loop 1is not exceeded durieg operatiou, a
reservolx is fitted to one of the top flanges, open to the
atmosphecre. This teature allows tor normel cperatios of the Lloop
At ataocspheric pressure. Tne loop 48 Lusulated with three layers
of 4.54 cm thica Johns-Manville insulatiom tubing on the vertical
and horizountal legs as well s on each of the tees,.

The two tube bdundies shows in Fig.2.l provide a means fer heat
addition and removal using water as the workimg tluid. 7The tube
bundle (#i) 1o the hot leg serves as the heat source {im the
natural circulation loop, whereas the other tube bundle (#2) ia
the cold leg serves as the heat sink. The inlets and outlets to
each of the tube Dbundles <could de interchanged to allow both
counter-flow and parallel-flow heat exchange. Dimeusions and
characteristics of each tube bundle are giver in Table 2.1 and
Fig.2.2.

Tube sundle 4| was coostructed of o cluster of tweaty-ome copper
tnubes arrang d in a rectangular array, havicg a pitch-to~diameter
ratio (PDR) of 1,33, Tube bundle #2 was constructed of sevean
copper tubes arrsnoged ir a triangular arctay with a PUR of 1.125.

The arrangement shown fov tube bundle #i was chosen because the
array 1s similar im geometry to PWR fuel elements.

Heating snd cooling fiuld was supplied by <cold amd hot water

Llines alomng with a high pressute steam line, The cocltn. flula
was supplied by a cold water lLine at a teaperature of l&tl C,

L. lnstrumentation

The loop was instrumented s¢ that the heat additiea to the Lloop
€Could be determined froum the measured temperature changes Across,
and the nass tlow rates of the working fluid cthreugh the tube
bundles. Because of the low velocities of the circulating fluid
ia the Jloop, Invasive wethods could not be wused for the
sleasurement of the local velocity without disturvieg the flow
fleld, Optical methods such as LDV (Morrison and Renatunga
1980) could ve used for such & purpose, but the technique is also
frought with Jdifticulties such as the precies location of the
test volume ilu & fluid which has large tewperature gredients and
& rather stromg vaciatiom of the index of refreaction with
Lemperature, The velocity of the fluid in a natursl circulation
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Figure 2.1 Schematic diagram of the experimental loop.
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Table 2.1. Dimensions and characteristics of the tube
bucdles and Lloop

Dimensions Tube Bundle #1 Tube Bundlie #Z

No. of tubes 21 7

OD of tubes (amm) 9.33 19.05

Tube thickness (mm) 1.587 1.02

Length of tube bundle (m) 1.6315 L1573

Ctoss-nccitonal flow 0.003064 0.002565
area (m")

Type of array Rectangular Triangular

Pitch to diameter ratio 1.33 1.25

Hydraulic diameter (m) 0.0195 0.0245

(heat transfer)

Hydraulic diameter (m) 0.01l41 0.0156
(shear area)

Hydraulic diameter (m) 0.012 0.0138
(equiv, flow area)

Length of horizomtal L.486 1L.48¢0
legs of Loop (m)

Length of vertical L.499 1.499
legs of loop (m)

Total volume of 0.2145 0.2145
water in loop (@)

Porosity (area of bundle/area 0.67 0.57
of loop leg)

Loop could also be determined using dye-traicing (Omg, 1974), but
in a tube bundle the dye rapidly looses contrast because of
diffusion and secondary flow. Therefore, the mass flow rate of
the circulating fluid in the loop was determined indirectly from
an energy balance on the loop and the tube bundles at steady-

state conditions only.

The loop was instrumented with copper-constantan thermocouples.
Omn tube bundle #l, six equally spaced thermocouples were placed
along the outside wall of the cuntral tube to measure the wall
temperature alomng this tube,. Three thermocouples were placed



along the outside wall of the central tube to measure the wall
temperature alomg this tube. Three thermocouples were placed
along the outside wall of a tube adjacent to the central tube,
and two thermocouples were placed along the outside wall of one
of the outer tubes. The off-center tubes were instrumented to
determine if any differences inm wall temperature between the
central and outer tubes were evident. Similarly, seven
thermncouples were soldered to tube bundle #2, five along the
central tube and two on one of the outer tubes.

In addition to these thermocouples, a differential thermocouple
was set up across each tube bundle to accurately measure the
temperature ditference of the heatinmg/cooling fluid across the
tube Dbundles, Also, in each header of both tube bundles
(Fig.2.3), copper-constantan therm~couples were installed to
directly wmeasure the mixed-mean temperature of the fluid at the
inlets and outlets of the heat exchangers. Special mixing
chambers were designed and installed im the two tube bundles for
insuriang that true aixiog-cup temperatures were measured ip
determining heat addition «nd removal from the loop.

Thermocouples were installed om both ends of each of the
horizontal <counnecting legs (see Fig.2.2) to measure the mean
temperatures of the circulating fluid in the loop at each cross-
section. A movable thermocouple probe was used to confirm that
the three fixed thermocouples installed in the horizontal legs at
the top and opottom of the hot leg indicated the mixed-mean
circulating fluid temperature. For all <conditiomns this was
within the accuracy of the thermocouples and the data acquisition
system. The wall temperatures of the loop tubing were measured
by installing wmany thermocoupes along the outer wall of the
tubing at various locations around the loop (Fig.2.2). A total
of 42 thermocouples were installed around the loop. The
temperature readings were recorded at frequent time intervals
using a precaliprated Esterline Angus data logger.

The average heating and cooling fluid flow rates were wmonitored
using Brooks turbine flow meters which were calibrated prior to
the tests. The turbine flow meters produce a number of pulses
proportional to the flow rate, The pulses were recorded Dy two
Anadex digital counters,

2:3 Flow Yisualization

In order to establish the flow regimes of water in the Lloop, a
flange <connecting the lower tee to the vertical leg of the glass
Loop on the side of the heat source was modified to allow for dye
injection with a syringe. Previous flow visualization studies in
the loop were largely ineffective because the dye was injected in
the horizontal connecting legs and became completely mixed with
the circulating water in the tees connecting the horizontal to
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the vertical legs (8]. Locating the dye injection system on the
source leg allows for a better observation of the tlow of water
in the loop under unatural circulation conditions lomgitudinal to
a tube bundle. The dye <can be injected into the loop at

different radial positions withim the tube DbDundle using a
syriange.

The flow was oDest visualized wusing a tloresceant dye. Non-~-
florescent dyes did not provide the sharp contrast with the tubes
in the rod bundle that was evident using the florescent dye.

Best {illiumination of the florescent dye was obtained using an
ultraviolet light source.

Flow visualization was performed for low and high heating rates.
At each of these heating rates, the dye was injected imto the
center of the tube bundle or along the outer fringes of the
bundle. The subsequent flow patterns made visible using the dye
were observed at several axial locationms along the bundle.
Photographs for all the heating rate cases were takenm at an axial
position along the rod bundle approximately 10 cm above the
location at which the dye was injected.

i.4 Test Procedure

The loop was filled with deionized water through the reservoir,
located om the top of the cold leg. The copper tube bumndle in
the hot leg was connected to the heating fluid line aescribed
previously. The copper tube bundle in the cold leg was connected
to thne cooling fluid lione. The valves controlling the flow in
the cooling and heating lines were opened manually to initiate
tlow of the workimg tluid through the tube bundies in the hot and

the cold legs. The temperature of the heating line was
cootr-lled by changing the rate at which steam was mixed with
cold water, The flow rates of tne fluid tiowing through both

tube bundles were controlled by adjusting the gate valves inm both
lines, and were held constant for the test runs,

A series of steady-state tests were rum ¢to obtain the heat
tranosfer data between the tube walis and the fluid flowing within
the loop wunder natural circulation conditions. Tests were
pertormed without and with grid spacers (Fig.2.4) installed on
tube bundle #l. These data were needed to develop heat transfer
correlations in terms of relevant dimensionless parameters.

Three different types of transient tests were performea for each
tube bundle flow arrangement in the hot leg. The first test was
a4 startup condition. The <circulating fluid was initially
Sstagnant. The second test consisted of a step ilonput in the
heating rate from an initially steady-state operation 0. Lae
loop. The third test consisted of a step decriease in the heating
rate from an initially steady-state operation of the loop.
Readings were recorded frequently until steady-state conditions
were reestavlished in the loop.

Lo
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3. HEAT TRANSFER UNDER STEADY-STATE NATURAL CIRCULATILON
CONDITILIONS

J.1 Steaagy-State Thermal Analysis of the System

3.1.1 Physical Model and Assuamptions

When the hot and cold vertical legs of a natural circulation loop
are coononected as in Fig. 3.1, the flow in one communicates with
the other. A pumping action due to the difference in the average
density 1im the two average legs 1s present. This is the forced
convection compomnent, ln other words, the phenomenon in the loop
is forced convective, but locally in each of the vertical legs
natural convection supports or opposes forced convectionm. Forced
convection cannot occur if the two vertical legs are naot
connected, irrespective of the heat additiom or removal,

A mathematical model has been developed to predict the thermal
performance of a single phase natural circulation loop shown in
Fig.2.1. A one-dimensional wmodel, where the only space
coordinate, s, runs along the components of the loop is adopted
to describe the spatial depeudence of the mass flow rate and
temperature (Zviria, 1981; Zvirin and Rabinoviz, 1983). The

temperature is, then, the cross-sectional average in each
component of the loop.

To describe mathematically the thermal performance of a natuval
tirculation loop, we apply the conservation of mass, momentum and
energy priopciples to a difterential volume element of fluid or
structural cowmponent. ln the framework of the one-dimensional
model, the only spatial <coordinate s, runs counterclockwise
around the loop. The Boussinesq approximation is adopted, i.e.,,
the density of the fluid is considered constant im the goveruing
equations except in the ©Dbuoyancy term. The other fluid
properties are assumed constant, which 1is justifiable for the
small temperature variations expected, Separate energy balances
are made on the workiog fluid, the tube bundle, the <circulating
tluid, the loop piping, and the insulation. Axial  heat
conduction (in the s-direction) along the intermal structural
cComponents coamprising the loop as well as the circulating fluid
are neglected in comparison to advection or convection. Kinetic
and potential energy changes of the circulating fluid are

negligiole in comparison to advection and neglected,

3.1.2 Mathematical Model

Under steady-state conditions, and assuming that the circulating
flow 1is incompressiovle, from the equation of mass conservation,

it is apparent that the mass flow rate of the circulating fluid
1s constant,
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Following the analysis of Zvirin et al. (1981), the momentum
equations for each leg of the loop were integrated over their
respective lengths., This yielding the momentum equation for the
entire loop,

L L
2 s s
AG /2p = p°‘ﬁle6 T ols)dx - 6 r.t(s)dxl * P 8BL AT, (3.1)

where R 1is the eftective flow resistance parameter and 1is
composed of the sum of the frictional and form lLosses,

(3.2)

The energy equation amust b
rit c componen of the
fndividual legs of the to:p. "grt: e 33:Exc.f gcz of the loop

containiog heat exchanger #.L, an energy equation was written for
the fluid flowing through the tube dDundle, the tube walls of the
heat exchanger, the circulating flvid, the glass walls, and the

insulation. Under steady state coaditions the energy equations
for the components become:

Workiang Fluid

arl
-cp il h‘P‘n(T' - Tt) (3.3)
Tube Bundle

n . - - = 0 J.4
‘rtn(rt T') nopon(rv T‘) ( )

Circulating Flula

oT'
ch das - nopo.”v : Tt) : UotPot(Tt ) l‘l) yheRa

The heat <transfer rate ¢to the <circulating fluid is
deternined from Eq.(3.3) from the knowledge of the temperature
difference and the mass flow rate of the water flowing through
the heat exchangers., The mass flow rate of the circulating fluid
is determined by equating the nheat capacity rates of the fluid

flowing through the test bundle and the fluid passing axially
over the bundle.
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Local temperatures of the fluid flowing through the heat
exchangers were calculated knowing the inlet and outlet
temperatures for turbulemt, nydrodynamically fully developed,
thermally developing flow (Grober et al., 196l), and then
adjustiog a constant in a correlacionm for the coavection heat
transfer coefficient h,£ so that a numerical solutiom of Eq.(3.3)

results in a calculated outlet temperature equaling the mwmeasured
one.

Local heat transfer rates were calculated trom the knowledge of
the Local heat tranafer coefficients inside the tubes, the
“corrected local temperatures” for the fluid flowing through the
tubes, and the local tube wall temperatures,.

An iterative procedure was used to determine both the local
temperatures and local heat transfer <coefficlients for the
circulating fluid. [nitially, local temperatures for the
circulating fluid in the source leg were assumed. Local values
for the heat transfer coefficient on the outside of the tubes
could them be determined from Eq.(3.4) then, from Eq.(3.5) new
values for the working fluid temperatures were determined Dbased
on the calculated values for the local heat transfer
coefficients, This procedure was repeated until all of the local
temperatures and heat transfer coefficlients converged,

The hydraulic diameter used in the above developaent was defined
as

D= 4A . :
g AR or D, = &ANT__ (3.6)

The perimeter for shear and heat transfer, P b’ and the perimeter
for heat transfer Ph‘. are definea as .

P = and + nb (3.7)
sh - t

and

P = and (3.8)
ht w

For the tube bundles in each of the vertical legs, the hydraulic
diameter is typically based on the equivalent flow area around

one tube (Sparrow and Loeffler, 1959; Schmid, 1966). Iln & square
array bundle, this flow area is

Aest - nal/e (3.9)

where 5 is the piteh or spacing ot the tubes in the bundle. The
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perimeter for heat transfer is simply the outer perimeter of one

tube, assuming that heat transfer does not vary from tube to tube
in the bundle.

3.2 Steady-State Tests in Absence of Grid Spacers

The effect of heat exchanger flow arrangement, heat exchanger
flow rates, and heating and cooling rates on heat transter and
fluid friction for longitudinal natural circulation flow through
“ tube DbDundle was determined. Listed 1in Taple 3.1 are the
conditions for each ot the tests.

Tavole 3.1, Summary of steady-state tests

Data Set m (kg/s) ot Fluid Heat Exchanger ¢l

Cooling Heating Arrangement
A 0.050 0.15 Counter-flow
B 0.050 0.09 Counter~-flow
c 0.090 0.15 Counter~-f low
D 0.050 0.15 Farallel-flow
E 0.050 0.09 Parallel-flow
F 0.090 .15 Parallel-flow

J.2.1 Flow Visualization and Fluid Friction

The flow was observed to be stable im all cases. Also, the
circulating fluid flow rate was observed to almost
instantaneously (within 5 seconds) increase/decrease after a step
increase/d-crease in the heating rate was implemented,

Flow visualization =experients showed a definite transition
region trom laminar to turdbulenmt flow, Um the average, the
transition from laminar turbulent flow occutred when

5 b
Gr = 6.6x1l0 ’ ur. - 4.8x10 y Re = 340

Figure J.. fllustrates the relationship Detween the Reynolds

number (Re) and the Grashof number (urT ) tor the counter~t low

and parallel~flow arrangements., The data 30:0 plotted using two
different absclssa scales in order to avoid overlap and more
clearly present the different cresults for counter~flow and
paralliel-tlow heating arrangements, Note that the HKeynolds
number is proportional to the mass flow rate of the circulating
fluid in the loop, and the Grashof number, based on the driving
temperature ditference AT _, i1s proportional t the heat addition

to the system. The results show that tor identical heat addition
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rates the wmass flow rate of the <circulating fluid im the
paralliel-flow arrangement s greater than for the counter-flow
case, The explanation for this observation 1is that for
parallel-tlov & larger temperature ditference bDetween the heat
exchanger fluid and the circulating fluid at the bpottom of the
source leg was measured than for the counter-flow case. This
resulted in a larger bDuoyancy driving torce, <causing a higher
mass flow rate of the circulating flutad.

Frictionali pressure drop could not be determined experimentally
using 1invasive wmethods, because the velocity of the circulating
fluid was too small, Therefore, the frictional resistances 1in
each of the component lLegs of the loop was determined indirectly.
The analysis of the weffective flow resistance paraseter R
fndicates that a plot of RA, versus L/Re would be a straight line
of the torm (Gruszczynski and Viskanta, 1983)

" : /R N . (3.10)
At = Cl e + TAl .

where A 1s the cross sectional flow area and Re is the Reynolds
number of the circulating fluid in the source leg. The constant
C is composed of the individual friction factors for each loop
c%.poaont. and K_ is the total form loss coefficient for flow in
the loop. Alllyl]l of the data gives a slope of C = 5,050 and
KRAi = L.467 (Fig.3.3)., The intercept is nearly ;o‘o. indicating
tha

the effect ot form lLosses in the loop 1is negligibdble 1in
comparison to the frictional losses,

From this value tor C_, the triction factor relations for the
individual legs of t“o Lloop can be found, Assuming that in each
of the legs the friction factor, f = a/Re, and taking the
coefticlients a4 = 43 tor the horizontal connecting Llegs and
assuming that a = ., since the porosities of the two bDundles are
approximately ‘quol. then a, =~ a, = Jl.2., For forced convection
lamioar flovw Lo a a tubne oulblc vttu 4 squarely arranged L9 tubnes
and & S5/ = 1.,) (approximately the same as the rod bundle used in
this study) ll vas found to be 27 (Mohanty and Roy, 1979).

To vetter understand the flow and heat transfer regimes under
natural circulation conditions, & plot of Re vs., GePr(D /L) was
made and is shown in Fig.).4. The verious regimes of flow Dbased
on @& correlation of these parameters for flow in a vertical pipe
are descrived in the litarature (Metais and Eckert, 1964) .
Using hydraulic diameters in place of the tube diameters in both
the Reynolds and Grashof noumbers, the flow in the natural
circulation loop is seen to fall within the mixed convection
rteglioe,

Mixed convection does in fact exist, Consider & packet of fluid,

tnitially 1im the osource Lleg as was used by Welander (1967) to
describe flovw ilnstabilities, Buoyancy differences Dbetween the
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source and the sink legs cause the packet to circulate about the
Loop. Whem the packet of fluia completes ou: revolution and
returns to the source leg it will have gained .omentum from the
buoyancy forces. So, to the source leg it will appear that the
packet of fluid has Dbeen forced into the leg. Yet, buoyancy
forces would still exist to drive the flow, so the particle of
fluid passiog through the source leg will be subjected to both
forced and free convection,.

3.2.2 Average Heat Transfer Coefficlients

Since unique parameters which control heat transfer io a natural
circulation loop, as is the Rayleigh number in free coanvection or
the Reynolds number is 1o forced convection, have oot been
tdentified, different dimensionless parameters were (ried in
correlating the average Nusselt number data. For all attempts it
was tcung_zho& eJD.!tCl correlation could be obtained Dy plotting
agalnst Nu/Pr 5 rather than the average Nusselt number, Nu,
alone., This finding is conmsistent with the results of a previous
work (8],

-y 0.43
Figure 3.5 shows a plot of the heat transfer parameter Nu/Pr
ve. the Reynolds number for doth counter-flow and parallel-flow
Arrangemsents. For counter~ftlow & correlation determined om the
basis of lLeast squares fit of the data was of the torm

Nu = 0.026 “0.91 no’“ (3.41)

For parallel-flow the following correlation was obtalned,

0.80 0.43
r

Nu = 0,051 Re P (3.12)

The dashed lines in each of the figures represent vresults of
Gruszeczynskli and Viskanta (L98)) tor a different tube bundle
geometry, The difterence between the two correlations
demonstrates the dependence of the heat transfer coefficlient on
the geometry of the tube bundle, The reason that the average
heat transfer coefficient data correlate vs. the Reynolds number

L8 because the Grashof number (Gtr ) L8 nearly proportional to

the Reynolds number (see Fig. J.l)?

In general, the paralliel-flow Arrangement resulted in Dhigher
Nusselt oumber than the counter~flow case for Reynoias oumbers
below 200, For increasing Heynolds numbers, the average Nusselt
number for the counter-flow Arrangement becomes progressively

4feater than that ftor the parallel-flovw case. It appears that
the buoysncy driviang force for Keynolds numbers greater tham 200
becomes progressively greater tor the countac-flow case
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(Fig.3.2).

Another correlation for both the pot:ilcxatkgv and counter-flow

arraugement results from plottiug Nu/Pr versus aggjnodtttcd
Grashof oumber. Figure 3.6 shows the plots of Nu/Pr versus

Gr for both flow arrangements, For counter-flow the correlation
oo!otnod from the lLeast squares fit of the data Ls ot the form,

Nu = 0.11 cr:‘“apro'“’. o = 10* <oy < 10" (3.13)

For parallel-flow a similar correlation resuits in

Nu = 0.024 czg'“‘ pe? 3, o x 10% ¢ Gr, 10°  (3.14)

In Eqs.(3.,13) and (3.14) 483 the Grashof number based on the
average heat flux in the source leg q" defined as

pgbq_ D
Ge, = i | M | (3.1%)

kuz

Attempts to correlate Nu/Pto'63 ve., the Grashof aumber

’ ﬂuij
1 -
Ve

resulted in much wmore scatter, Note that the exponent on the
Rayleign (Grashof) oumber As considerabdbly larger than that
usually expected for Llawminar or turbulent natural convection
conditions (Eckert and DOrake, 1972). The dependence of the
average Nusselt number oo the Kaylelgh number Feseables that for
natural convection in porous media for which Nu a Ra , where m
ranges between 0.5 and 0.69 (Gabitto and Boenm, L981)., Tnis type
of Hayleigh oumber dependence was noted earlier for tubes in a
triangular array (Gruszczynski and Viskanta, L982) .

S5ince mixed convection heat transfer appears to be prevalent (in
the onatural circulation loop, an appropriate correlation of the
average Nusselt number would be Lo terms of both the forced and
natural convection parameters, the Reynolds and Grashof numbers,
respectively. GSince , correlation had been obtained for the
average Nusselt numrer vs, the Reynolds number to the 0.5 power
for both flow arrangements, a plot of the Nusselt oumber times
the HReynolds number to the 0.8 power divided by the Prandtl
number to the 0,43 power versus the modifled Grashof number was
made, and is shown in Fig.3.7. It is apparent from this filgure
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that the data froa dotn the paralilel-flow and counter-fiow tests

can be Trepresented bDv & slogle curve, as givem by the following
correlatioan,

Nu = 0.0009i (u:./a.)°'5 Gc:"" pgl@d (3.17)

The sucec 88 of Eq.(3.17) in correlatiag all of the experimental
data suggests that indeed heat transfer under natural circulation
conaitions over a tube bundle is oune of the wmixed convection

type. The average Nusselt numdber (s @& function of both the
Reynolds and Grashot uu-l05|‘3 An interesting result obtained
trom plotting Nu Re%/Pe"’ ve., Gr_ for different values of m

reveals littlie sensitivity of the eolt%l.ltonl to the exponent o
as long as n is greater than approximacely 0.15.

3.3 Steady-5tate Test Results for a Bumdie witn Spacers

A set of steady-state experisents similar to these iisted Iin
Taole 3.l was pertormec atter the egg-crate type spacers shown in
Flg.4.4 were arranged on the test bdundie. Vuly the ettect ot
varying the heating rates was studied for each of the ruas.

Flow visualization with the grid spacers arranged oo the odumdies
did oot p:oouso any unusual results. At lov heaast fliuxes
(Gr. ¢ 4.8 % L07, He < 31VU) the eftect of the grid spacer ou the
tlow was to cause mixing in the region ilsmediately downstream of
the spacer. The streamiines (ftor lamtioar flow) wouid then
redevelop at some distapnce dovustream of the spacer. For greater
heat fluxes, oo laminar streamiines tformed dowustrsam of the
spacer. The dye mixed thotoughly with the circulating fluia,

The average fluld friction results with and without grid speacers
were practically the same (withio experimental accuracy). These
results were oot sutprisiog as the blockage ratio, ¢, deafined as

A
)
£ 'z———,‘-‘r (3.18)
is f
where A the <cross-sectional asrea of the apacers was only

¢ = U,i8% 50 the additional tlow resistance provided oy the grid
spacer was ailnimal.,

The resuits obtained for the average heat transfer coetficlients
in the tests witn grid specers differed significantly from the
results obtaloned Lo the tests without the grid spacers. At
similay conditions (i.,e,, heating rates;, the average neat
transter coetficlients were ilncreased Dy the grid spacers, basea
o0 the data obtained by Velcek and Veber (1970), and the
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empirical correlation given by Yao et al. (1982),the ratio of the
Llocal Nusselt onumber downstream of a grid spacer, Nu to the
Local Nusselt number which would exist if no grid lpl!tt were
present is

Nu “0.13(x/D )

-ill « 1.0 + 5.55¢%a B 1x10%<Re<1.55 x 10
u

: (3.23)

For the viockage ratio used in these experiments and tor the
spaciag of the grid spacers, an Aincrease of adbout 5% 1o the
average Nusselt nuamber for the gria spacer tests above the value
Obtained without the grid spacers i1s expected usiog Eq.(3.15).

Figure 3.8 provides the comparison of the heat transter
Coefficlent enhancement due to the presence of the "“.1"‘8'33

showing the relationship of the heat transfer parameter Nu/Pr
4ad the Reynolds oaumber. The correlations obtained from the

tests with grid spacers on the tube bundle are

Nu = 0.063 RV 80p 0.0 (3.24)
and
Nu ® 0.077 n.°'7sr:°‘“‘ ‘3.11)

for counter-flow and parallel-flow arrangements, respectively.
Comparison of the two cases for both counter-flow and parallel-
flow arrangements reveals a flow dependence of the heat transfex

enhancement, At low Reynolds numbers (Re < 100), an increase of
Gearly 40% Lo the average Nusselt number Ls ootained due to the
presence of the grid spacers, In the transition regime

(Re 7 Ji0) an increase of only LlO0%X 1is tound. That the neat
transfer enhancement due to the grid spacers diminishes as the
flov becomes mixed (irregular) is nvt surprising. With increased
@ixiog At would bDe expectied that the additional mixing resulting
from the presence of the #fld speacers would fhave a negligible
effect om the heat transfer as the tluld would already be wall
Mixed under turbulent flow conaitions, The <conclusions reached
above are tctnlotizd .8 z,o results of Fig. .9 showing the heat
transter parameter Nu/Pr ' ve., the wmoditied Grashof n.mber,
although the flov dependence of the heat transfer enhancement (s
aeot evident here, possibly because the scatter of data 1s wmore
pronounced, The least squares fit of the experimental data for
the counter-flow and parallel~flow Arrangements vere,

respectively,

Nu = 0,016 cr:‘“"vro'“’ (3.22)
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and

O.QIGP'U.63
o

Nu = 0.072 Gr (3.23)

Again, the results show an increase in the average heat trausfer
coetficient at identical conditioms for the tests with the grid
spacers on the bundle compared to those obtained in the tests
without grid spacers. Comparison of Figs.3.6 and J.8 reveals
that there Ls greater scatter of the experimental data for the
tests with grid spacers on the bundles.

As was done for the tests without grid spacers om the tube
brodles, the experimental data for both the counter-flow and
parallel-flow arrangements with grid spacers were correlated by a
single equation,

Nu = 0.00055 cc:_/u)""cz‘:"n"'” (3.24)

The equation is of the same torm a8 the one ftor the bundle
without grid spacers and difters only in the comstant and the
exponent of the wmodified Grashot noumpber, However, the heat
transter enhancement i3 not evident as in the preceeding flgures.

A series of natural circulation tests vere conducted at & FLECHT
SEASET tacility which was scaled L/307 by volume to a full size
PWH (NUREG/CKR=3654, 1984). The purpose of these tests was to
fdentify hydraulic and heat transfer phencmena during single
phase, two phase and reflux condensatlion natural circulation
cooling modes., Extensive test data are reported, Data
reduction, analysis, evaluations and model development Are
discussed, However, no heat transter correlations for the heater
rod bundle are presented, Ulirect comparison of flovw and heat
resoval rates Dbetween the present natural circulation loop and
the FLECHT SEASET test facility is not possible because of the
diferences in the system design and test conditions,
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4. DYNAMICS OF A NATURAL CIRCULATLION LOOP

4.1 Analysis of Dynamic Behavior

4.l.1 Physical Model amnd Assumptions

A msthematical model has been developed to predaict the dynamic
response ot a single phase natural circulation loop shown in Fig.
Jelo A one-dimensional modei, where the only space <coordinate,
s, runs along the components of the loop is adopted to describde
the spatial dependence of mass flow rate and temperature (Zvirin
and Rabinmoviz, 1983; Zvirin et al. 1l98l). The temperature is,
then, the cross-sectional average in each component of the Loop.
The one-dimensionality assumption ifmplies that correlations for
fluid friction and neat transfer coefficients have to be obtained

from the literature.

The saae @ssumptions described in Section 3 were eaployed in
developing the transient model equations of mass, momentum and
energy for a differential volume element of fluid or structural
component, Avallable results (Gruszczynski and Viskanota, 1983)
have shown that lumping the structural components and the
circulating loop fluid 1noto & single effective energy storage
term (heat capacity) yields an unsatisfactory dynamic response of
the loop. Therefore, separate energy balances are wade for each
fluid stream and structural component of the loop. For example,
in  the heat source leg, energy balances are made on the working
tluid, the circulating fluid, the tube bundle, the loop piping
and the insulation.

4.,1l.2 Mathematical Model

The equation of conservation of mass for one-dimensional flow
about the loop 1is

e
1

- 0. (4.1)

o>
~
o
e

The conservation of momentum law for the vertical legs of the
loop may ©be expressed in terms of the mass flow rate, G = pA!u.

and results in the following equation,

2
Il 3G G a4¢ ap E LB
A 3¢t p‘l . ds a £ o Dh pAz 2

The buoyancy term io Eq. (4.2) 18 not present im the wmomentum
equation written for the horizontal legs.
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Following the anmalysis of Zvirin et al. (1981), the wmomentum
equations for each leg of the loop were integrated over their
respective lengths. The resulting equations were summed yieliing

L L
2 s s
3G L G ,
@ = +R A wdh poaBL’lé Tlo(a)dx - é 1.1(n)nx] (4.3a)
or
G 1 62
X 1 p‘;ﬁL'ATD - n . (4.3b)

where R is the effective flow resistance parameter, and 1is
composed of the sum of the frictional and form lLosses (Zvirin et
al., 1981), and a 1s the reciprocal of the flow area integrated
around the loop. The parameter R for each leg is defined as

L, K

R =L ¢ + L —% (4.4)
¢ *p At s a
nits j

The energy equations are writtem for each component of the
individual legs of the loop. For the vertical leg of the loop
containing tube bundle #l, the energy equations were written for
the fluid flowing through the tube bundle, the tube walls of the
bundle, the fluia circulating in the loop, the loop walls, and
the insulation., These equations become as followa:

Working fluid

611 ’ 61‘t _
n(pcpA)1 5 . ncp v ol h‘Ptn(T'-Tt) (6.5)
Tube bundle
AT
" - -
n(pcpk)' "l hlP‘n(Tt-T') hoPon(T'-T‘) (4.6)
Circulating fluid
3T L P N
(pcpA)t v il G‘pi?' - noron(T'-Tt) - uO‘PO‘(T‘-T‘) (4.7)
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Loop tube

T -
t ot ot

Insulation

dT
(pe A), w2 o U P AT .»T. ) = B P._ (T =7 (4.9)
P E € t “

ins Ot ins a ins o

A similar set of equations was written for the vertical loop leg
containing tube bundle #2. The system of equaticns for the two
connecting horizontal legs was simpler bDecause the equations for
the working fluid and bundle tubes were not needed. The
equations are similar to those given by Eqs. (4.7) through (4.9).
Suffice it to note that a system comprising a total of 16
equations was solved. The initial conditions of all variables
are specified in the next subsection.

4.1.3 Model Parameters

The flow resistance parameter R determined from steady-state flow
data for tube bumndle #]1 (given in Sectiom 3) and tube bundle #2
(Gruszczynski and Viskanta, 1983) as a function of Reynolds
number was used in the calculations. The parameter was
calculated for each leg of the loop as a function of the
instantaneous Reynolds number in Sectiom 3. The trictiom factor
results calculated from the flow resistance parameter data for

each of the two tube bundlies followed, with some scatter, the
correlations reported in the literature for laminar fourced flow.

The heat transfer coefficients under natural circulation
conditions associated with the loop fluida h and h are assumed
known and independent of time and are aete:nggd from the
steady-state correlations of the average Nusselt nunbers for tube
buncle #]1 and tube bundle ¢#2 (Gruszczynski and Visksata, 1983).
A correlation for the heat transfer coefficient on the inside of
the tubes for hydrodynamically fully develop:d and thermally
developing flow was used (Grober et al., 1961)

7/L4Pr1/3 1/3

(D/L)

Nu1 = 0.02 Re

The relative importance of the thermal resistances has been
determined for a typical test at steady-state conditioms [4].
The convective resistance on the circulating fluid side of the
tube bundle was about & factor of two larger thanm the resistance
on the working fluid side inside the bundle. The conductive
resistance across the insulation was the largest and across the




copper tubes was tne smallest.

Use of steady-state heat transfer correlations to predict
convective heat transfer between the tube bundle and the fluid
circulating in the loop implies that the flow cam Dbe considered
as Qquasi-steady, that \1is, the flow develops much more rapidly
than the thermal structure. Based on flow visualization
experiments this idealizstion is well justified. The flow was
found to develop within a matter of seconds while thermally

developing over a period of approximately an hour.

4.1.4 Method of Solution

Use of anm average temperature along each leg of the circulating
fluid path between inlet and outlet of each component did not
yield satisfactory agreement between experimental data and model
predictions (Gruszczynski and Viskanta, 1983). Therefore, the
model equations were not averaged spatialily. Since the equations
are nonlinear and could not bDe integrated exactly the system of
equations for the six unknowas (G, T , T , Tf, T ana Ttnn ) were
solved numerically by direct 4integration using & finite-
difference method. Forward aifference approximations were used
for both the spatial ana temporal derivatives (Gerald, 1980).

A time step of 1.0 second and a spatial step of 0.08 m (21 nodes)
was used in each leg. The thermopnysical properties of the fluid
in the tube bundles and the circulating fluid ia the_ loop were
based on the axially averaged "film" temperatures T(t) im each
leg. For example, the average circulating fluid temperature 1in
the vertical legs was calculated from

™~

<

T(t) = 3

lTU(l.t) + Tf(s.t)]ds. (4.11)

s

|
/
0

Based on the above assumptions, the loop temperatures, flow rates
and heat transfer rates were calculated as functions of time for
the various components. The calculations were <continued (L.0.,

marching forward in time) until steady-state conditions were
reached.

The solution of the finite differemce equationms required that
initial conditions De specified for each of the temperatures,
T €8}y T (o), T ln): T 480, % (s). Arbitrary temperatures can
be used Yor tne fluia in the tgsp as initial comaitions. For the
simulation of the test conditiomns, the measured initial
temperatures were used as the initial conditions. This was
desirable because the initial phase of a transient <could Dbe
simulated wmore accurately. For example, even 1in & startup
transient whem the fluid in the loop is initially stagnant, there
are temperiture variations, particularly 1in the vertical legs ol
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the loop, as result of temperature stratification in the
Laboratory.

The tube bundle wall and loop wall temperatures were Known from
the measurements. The Mmean insulaticn temperatures were known
from the exact solution for comductionm across an annulus with the
known inside and outside temperatures. [he heat additiom to the
source leg and heat removal from the sink leg were determined
from the measured flov rates and temperature differences across
each tube pdundle.

and Uilscussion

4.24.1 Test Condi.tioans

The test conditions for six different tests discussed in the
paper are listed in Table 4.1. All of the tests were pertormed
4s transient flows between two steady end conditions for both
counter- and parallel-flow arrangements inm the source leg. This
was done because the driviag temperature difference for flow
Circulation between the two legs is not the same for the two flow
arrangements, and uniform tube bundle wall temperatures along the
flow direction could not be achieved by the working fluid (water)
even when forced through the bundle at high flow rates, The
steady~-state temperature of the inlet to the hot leg tube bundle

is denoted by T .
1,88

Table 4.1. Test conditions for dynamic tests

otep_:nange

in Heat Input

start-up
increase
decrease
start-up
increase
decrease

The circulating fluid flow rates were not measured experimentally
for reasons discussed previously, and unlike the case for
Steady-state conditions, the flow rate in the transient
experiments could not be determined from a simple energy balance,
as some of the heat transferred from the heating fluid was stored
in the tube walls, the circulating fluid, the loop walls, and the
insulation. However, flow visualization revealed that the
Circulating fluid flow rate changed quickly when first subjected




to a step change in heating and appeared to stabilize within five
seconds.

Neither the flow visualization experiments nor the temperatures
of the fluid wmeasured at numerous locaticas around the loop
provided any evidence of unstable or oscillatinog flow for the
test conditions studied. The observations agree with the work of
others (Gau and Torremce, 198l1) who found for am asymmetrically
heated loop (1.e., heated and cooled from the side) the flow is
always stable, whereas in a non-rectangular loop (Zvirin et al.,
1981) flow oscillations were observed under certain conditiouns.
For small average heat fluxes the flow remained laminar all along
the vertical length f the tube bundle. However, for average
heat fluxes of 3.4 kW/m° radial mixiog of water was observed, and
for even higher fluxes mixing occurred immediately im the
vicinity of the dye injection.

4.2.2 Couparison of Predictioms With Test Data

Figure 4.1 shows the locations where the circulating fluid
temperatures as well as the workimg fluig, the contaioment tube

and the tube bundle temperatures were measured and are used to
validate the model.

A comparison between the measured and predicted circulating
fluiag, tube bundle wall, and loop tube wall temperatures inm the
source leg of the loop is given im Figs. 4.2 through 4.4. These
tigures represent the transient tests for parallel-flow in the
heat source leg of the loop for the start-up, step 1increase 1in
heating rate, and step decrease in heating rate conditioas,
respectively. Similar results have been obtained for the
counter-flow arracgement. For each tranmsiemt two separate pamnels
(for the sake of clarity) include measured and cél-ulated
temperatures vs., time. The lines denote the predictions and the
symbols denmote the test data. The upper panel shows the
circulating fluid temperatures at the bottom (T_.) and the top
(T 2) of the tube bumndle in the source leg. The working fluid
t.gpetltutc at the outlet of the tube bundie (top of the bundle)
is denoted by T ,. The lower panel shows a comparison of the
measured and predicted loop tube (T 3) and the tube bundle (T'3)
temperatures at the mid-height of thé source leg (sce Fig.4.l1).

Figures 4.2 and 4.3 descripe the behavior of the system for the
start-up transient. The loop was inmitially at ambient lapboratory
conditions (with the fluid stagnant) before flow was loitiated
through the tube bundles in the source and sink legs of the loop.
As can be seen from the figure, atter the initial transient of
about six minutes, the agreement between the predicted
circulating fluid temperatures T and T and experimental data
13 quite good., The relatively {i:;c dtsétcp.ncy initially is in
part due to the experimental difticulty in wmaiotaining stable
flow at the 4inlet to the tube bundle in the source leg or the
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Figure 4.1 Locatins of measured temperatures in the source leg.
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Figure 4.2 Comparison of predicted and measured temperatures for
transient test P-1.
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Figure 4.3 Comparison of predicted and measured temperatures for
transient test P-2,
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loop. Fluctuations in the inlet temperature due to poor mixing
of the steam and cold water were evident in the experiment;
however, these fluctuations died out as the loop heated up and
steady-state conditions were approached. First, it is clear from
the figure that the time constant of the transient has been
correctly computed by the model. Second, very good agreement has
been obtained between predicted and wmeasured temperatures at
steady state ( t * 30 mim).

The good agreement vpetween measured and predicted <circulating
fluid temperatures at the top and bottom of the source leg
supports the use of convective heat transfer coefficients between
the tube bundle and the circulating fluid determined for steady
state flow conditions (Gruszczynski and Viskanta, 1983) for  use
teo predict the transiemt behavior of a nmatural circulation loop.
The good correspondence between the measured an® calculated tube
wall temperature (T _) suggests that three-dimensional effects
due to mixiong of the Yiow in the bundle¢ are not very significant
for the test conditions. Greater tube wall temperature
variations across the bundle have been observed for higher heat
inputs to the system (Gruszczynski and Viskanta 1983). Finally,
good agreement petween the measured and predicted containment
tube wall temperature indicates that the heat losses from the
loop to the ambient were estimated correctly.

A comparison between the predicted and measured temperatures at
the few selected locations im the source leg for the step
increase and decrease in heat additiom to the loop transient are
given 1in Figs. 4.3 and 4.4, respectively. The agreement between
the two sets of results is even better tham for the start-up
transient just discussed. The largest discrepancy is noted for
the tube wall temperature for test PF-2 (Fig.64.3). The reason
for this is not clear as other temperatures show good agreement.
One finding which emerges from the results reported im Figs. 4.3
and 4.4 is the difference in the time constants. The obDserved
behavior is that the time constant for test PF-2 (increase in
heat addition) is greater thanm for test PF-3 (decrease in heat
addition). This is associated with increasing amnd decreasing
system temperatures for tests PF-2 aud PF-3, respectively. The
fact that the mass flow rates for tests PF-1 and PF-3 at t = 16
min are practically wequal to each other is only a coincidence.
The steady state is reached more rapidly im test PF-3 than PF-2
pecause the heat losses to the surroundings aid to accelerate the
process. The reversed transition takes longer, because of heat
Losses from the loop to the ambient as heat additiom to the
system 1s increased.

Circulating fluia flow rates were calculated as well. Figure 4.6
illustrates the predicted flow rates for the parallel-flow
arrangement for the various test runs. The results show that for
the start-up and step increase in heating rate tests there was a
sharp initial increase in the circulating fluid mass flow rate to
a value greater than the steady-state flow rate and them a
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gradual decrease until steady-state conditions were reached. The
buoyancy drivimg force at the onset of flow is at a maximum
initially, since the temperature difference bDetween the heating
fluid and the circulating fluid is at a maximum initially. As the
temperature difference between the heating fluid (i.e., the tube
walls) and the «circulating fluid increases and the tube wall
temperatures approach steady~-statc values, the temperature
difference Dbetween the two legs decreases, thereby reducing the
driviog buoyancy force, and consequently the <circulating fluid
mass flow rate., Eventually, the temperature difference between
the tube walls and the <circulating fluid stabilizes, thereby
stavbilizing the flow rate.

For the tests with a step decrease 1in inlet heating fluid
temperatures there was a sharp initial decrease 1inm the
circulating fluid flow rate followed by a gradual 1{increase
towards the steady-state value. Again, this can be attributed to
a sharp initial decrease in temperature of the source leg tube
walls resulting 1inm a slight temperature difference between the
tuvte walls and the circulating fluid. This causes the driviang
buoyancy force to be very small. The cooled fluid entering the
source leg produced a slight increase in the temperature
difference between the tube walls and the circulating fluid. This
resulted in an increased buoyancy force and therefore a slightly
greater mass flow rate,.

Both im this paper and some recent work (Zvirin and Raoinoviz,

1983; Zvirin et al., 1981) transient response of natural
circulation loops has been analyzed wusing a one-dimemsional
model. Zviria et al. modelled the pressurized water nuclear

reactor loop, which 1is a@uch more complicated tham the one
considered im this paper; however, the model employed im this
peper is more realistic in that each loop component is described
in greater detail and the fluid frictiomn and neat transfer
coefficients used as model parameters have been determined for
natural convection <circulation rather than for forced flow
conditions. The results of calculations of the two studies are
similar. The wmain difference being that inm the present system
the flow is stable whereas that of Zvirin et al. (1981) indicates

instabilities,
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5. CONCLUSIONS

An atmospheric pressure natural circulation loop was used to
measure average heat transfer coefficients to water from the tube
bundle, which is prototypic of PWR fuel elements. Tests were
performed with bundles without and with grid spacers. Based on

the experimental results obtained, the following conclusions can
be drawn:

® The heating conditions investigated resulted im stabdle
steady-state flows.

® The natural circulation flow longitudinal to the test §ubc
bundle was observed to be laminar when Gr_ < 4.8 x lU or
when Re < 340. Apove these values, radial wmixing of the
circulating fluid was observed, No recirculation of the
tlow at any of the thermal conditions studied was observed.

® The frictionmal resis '‘ance was determined to solely Dpe a
function of the Reynolds numpber and was found to accurately
be predicted by forced flow relations.

® Heat transfer in the tube bundle was in a mixed-convection
regime.

® Empirical correlations for the average Nusselt number _were
developed. A more general correlation for relating Nu to
Gr/Re is suggested.

® The grid spacers wused 1im this study (e = 0.24) had no
discernible effect on the fluid friction factors. However,
they were founmd to eahance the average heat transfer
coefficients over those which would be present without grid
spacers, especially in the laminar flow regime.

The dynamic behavior of the laboratory test loop was observed and

simulated. Basnd on the experimental and numerical results, the
following conclusions can De drawan:

® The one-dimensional model simulated reasonably well the
transient respose of a rectangular natural circulaction loop
with tube bundles imn its vertical legs. The fiuid and
structural component temperatures in the source leg
predicted Dby the wmodel agreed well with test data.
Circulating fluid flow rates were predicted also, but no
conclusions regarding the accuracy of these predictions
could be made DbDecause the instantaneous flow was noot
measured directly, Moreover, the important features of the
transient steady-state benavior are depicted im the
numerical resulits, and the time constants are predicted
correctly. In general, at steady-state the predicted

temperatures agreed to withinm L0 percent of the experimental
resulcs.
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® The gocd correspondence bDetween model predictions and the
test data support the use ot steady-state flow resistance
and heat transtfer coefficient correlations for transient
calculations for those <conditions for which quasi-steaay

approximation can be justified,.
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APPENDIX A

Experimental Data and Heat Transfer Results

The steady-state experimental data obtained during the tests on
tube Dbdundles without and with grid spacers are tabulated in
Tables A.l and A.2. The reduced heat transfer results calculated
from the experimental cata are tabulated in Tables A.3 and A.4.

49



Table A.1l

Set

A=l
A2

OO 0000
N s UN -

c-9

c-9

C~-10
C=11
c-12
c-13
C=14

Q G 8, 8, T,
&kw) (kass) (xg/s) (xa/e) (°0)
231 w40 1% 047 %0
231 040 138 047 49
2 9 041 144 4”7 352
2 9% 041 148 047 2
310 046 137 047 Se
232 040 154 07 90
2.13 042 133 .04s 47
213 042 140 O4s 43
306 0% 120 04s 31
€15 023 149 O4s 32
135 033 146 O4s 37
1 49 031 142 O4s 42
1.2 030 144 044 38
1 38 032 143 043 29
849 028 143 044 33
1.%2 ok L J 140 043 s
879 030 149 043 20
719 023 . 144 Q047 2
966 028 126 047 33
310 049 1%& 090 49
368 0%3 131 091 92
3 aa 091 133 091 92
3 21 0%2 149 Q90 49
260 049 140 090 49
182 034 1%% 090 42
98 012 149 091 26
487 016 149 090 28
203 041 143 090 41
318 0% 141 .09 47
366 060 142 117 %0
4 22 062 126 .090 9%
4 43 083 126 .09 %8
119 029 1% 079 37
ave 2 138 o088 31
1 647 039 1%& o087 38
323 0% 130 083 a9
691 100 128 083 &1
1 79 038 140 2 40
06 Q28 149 096 28
1 47 03& 132 09 34
1 82 040 139 0% 137
210 042 134 096 40
206 o041 137 099 40
241 Oas 143 101 42
3 2 0% 131 088 48
329 0356 140 090 30
814 026 132 o087 29
874 029 1%4 o8 27

U

NOAMN YOO RUACTNNDIDO®

Uu—~sLDONONDOMEN

P UWULIMDUWUN DODOW

o
(°c)

4as
a8
48
48
1
48
43
a2
a8
i
a3
40
3s
37
32
33
a9
30
a

a4

a5
43
41

26

27

42
44
a8
a9
3s
30

41
93
&7
43
30

37

4a
43

2
99
N

PUNUNSIUBNERPOIWLES AVOCUOPWOCONOLD &NLUO D

V= ODONANDE SN0 NN

ar, ar; T,
Ca Cd (o)
3.% 134 453
339 134 434
4322 141 482
422 14 & 48 4
s 41 177 %18
361 133 480
377 11 6 441
364 109 426
S 60 151 480
130 3935 324
220 649 332
2% 923 397
208 7933 366
231 901 376
1.39 489 219
299 389 339
140 323 222
1.18 371 300
183 438 320
481 713 448
674 828 48 6
608 7 94 471
313 7 43 442
4 44 608 420
283 503 332
634 110 23 4
779 1.39 26 4
33 9195 334
538 633 434
613 816 461
@01 101 311
840 113 327
1.79 3435 230
1352 236 391
44 3 260 473
96 591 936
801 130 201
46 7 306 320
324 143 | 84
401 248 322
439 322 4 41
@2 374 917
47.3 3% 5 0%
00 399 3 43
567 383 819
60 6 5 62 870
326 147 213
09 133 124

; 3

ouo si

(°c) (P¢)

41.9 40 1
a0 e 294
43.2 41 2
432 412
4% 4 43 9
41. 4 39 8
40 3 38 2
/e 367
431 41.2
272 280
314 299
389 33 6
333 208
340 308
288 26 6
30 4 26 6
26 3 23 4
2.7 2%.1
289 267
39 9 28 3
432 403
a1.7 399
393 378
373 382
3.7 N1
227 21.4
231 1.2
341 318
38 0 36 6
39 9 321
4a @8 428
45 9 43 3
287 26 4
26 0 24 %
34 2 31.0
45 1 40 3
8 & 9513
399 3RO
2% & 2323
30 6 279
331 293
36 4 32 4
382 3R
378 339
42 % 3.8
44 8 &40 3
26.1 23.6
248 228

T

Steadv-state experimental data for tests on a tube
bundle without grid spacers.



Table A.1
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D=2
0-3
D-4
0-3
D=6
D=7
D-8
D-9
D-10
D=-11
D-12
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D~-14
D-13
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MNMMTHMHM
VDN LBLUN -

-1
F-2
F-3
F-a
F-3
F-b
F-7
F-8
F-9
F-10
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219
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Table A.2

bundle with grid spacers.

Set

eC-1
GC-2
¢C-3
3C-4
eCc-9
GC~a
GC-7
¢C-8
GC-9
GC~-1¢
GC~11
eC~1a
eC~-12
GC~-14
GC-12
GC-1¢
GC=-17
GC~1E
eC~-1§
eC-2C
GC-21
GC-23
eC-al
GC-2¢
GC-2¢
GC-2¢
eCc-a7

GC-3€
eC-2¢
eC-3C
¢C-N
eC-3a
6C-3
GC-3¢

Q

bewi)

s86

gnguasgtel

nNO 9
-nNo

e L L L L L L L R L
[ R OO0~ Ww
Seansgoopy

g

692
382

637
4g8
402
4a9
30°%
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770

G

(kg/s)

018
o19
026
023
027
033
034
033
039
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03e
Q36
034
02
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Q3%
036
C37
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038
caa
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023
o19
021
012

o1
017
213
013
011
020
026

2 8,
(hg/s) (kg/
27% o038
266 041
281 . 039
232 039
232 039
243 038
233 040
233 038
224 037
219 037
210 0%
195 034
182 031
177 %0
172 0%0
177 048
196 Qa8
203 047
203 o4s
219 Q4a
z 042
289 [T 'Y
271 o4
273 039
279 03
289  oa2
289 o042
294 041
232 o038
247 039
294 027
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13 039
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Steady-state experimental data for tests on a tube
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Table A.2 (Continued)

D=1 1034 6 %8 173 86 1 9 09 10 9 7 78 R a2 982
D=2 1226 7.233 207 43 3 4 98 130 8 39 27 1 04
D=3 1a41. 8 44 2239 29 ¢ 4 92 19 & 7 92 2 8 942
D=4 134 7 %e 23 33 6 4 72 17 9 8 &7 3 63 97e
D=3 1491 T 24 2863 323 433 209 109 4 a9 1 08
D=6 1s9%8 .19 29 322 443 21.3 935 a4 %8 548
0=7 23%0 919 3daa 28 & 387 238 2 199 & a1 1 20
D=8 Q664 10. 1 ars 29 1 375 %3 18 9 & 9 1 26
0-9 2827 104 379 221 393 417 147 602 1t 16
=10 1339 7. 81 232 430 4 97 18 9 1.7 29 1 11
0=11 2301 ? 01 341 23 4 4 07 34 3 12. 9 s 79 1 08
D-12 1028 6 &1 166 % 7 21 101 7.3 2 33 947
0-13 1019 & %90 169 %1 & s 3 9 71 6 %2 2 16 987
D-18 737 3 a8 139 %48 598 939 4 4% 1 63 782
D-13 71e 3 34 128 62 3 9598 S 60 & 73 1 62 794
D-16 447 4 47 117 459 4 07 4 89 4 19 1 40 72

E-1 1&77 7 %4 2% 29 9 4 74 19 & 7 % 38 839
E-2 3239 13.2 442 28 9 3 64 %8. 7 6.1 6 79 1.80
E-3 &91& 178 982 8239 292 182 37.2 19 6 1. 73
E-4 179% 8 42 249 4% 4 4. % 221 130 401 1. 34
E-9 906 s 70 148 48 9 3 94 7. 16 4 94 1 88 819
E-6 1477 7.08 210 /s 919 14 & 789 309 1.02
E-7 18293 8 37 249 31.8 488 201 9 09 343 1 06
E-8 2104 9 01 281 243 4 48 267 129 4 41 1. 26
E-9 2063 9 %3 273 333 4% 2358 1L 4 4 04 1. 16
E-10 2414 9 88 316 282 432 3R 13.0 4 92 1 22
E-11 3202 10.3 433 182 3 81 %3 6 19 8 A 1.18
E-12 3297 1009 49 17 1 3 63 9 & 16 4 8 40 1 13
E-13 @814 3 24 138 49 2 9 88 6 %% 4 19 1 es 482
E-14 874 6 29 146 40 0 608 6 6% 3 9 1 &0 484
Feg &7 392 109 %.3 639 334 31 12 s89
F=2 sb4 4 79 122 74 7 98% 539 919 1 48 831
F=3 819 6. 02 140 &6 3 992 729 & 03 1 84 877
F=4 708 s o2 1%0 9.9 959 9 352 s 82 1 &0 979
F=% 1099 7 &9 182 9 9 9 22 107 @848 217 111
F-3 1960 8 49 240 49 9 4 &9 18 3 12 2 327 1 3
F-8 1613 9 93 299 43 0 4 &1 19 3 123 21ia 1 41
F-7 1073 & 8% 178 39 3 %38 9 99 974 218 801
F-8 1234 6 69 194 33 & 9. 19 12 4 38 280 7%4
F-9 27% 10 & ase 190 389 4 aa 139 & 38 1 08
F-10 2904 10 7 426 149 372 %0 7 13 8 7 00 998
F-11 3%02 12 2 s2e 119 343 &9 6 192 8 a9 956



Table A.3. Steady~-state heat transfer results for tests on a
tube bundle without grid spacers.

set @ T A RxA,s Pr Gr, Grp Gz Tdrive
) (x104) (xxog) (x104) (S
“-1 2310 102 301 333 393 367 139 933 i 10
=2 34 9. &7 293 30 3 4 02 3%.3 2.2 S Sé 1.01
“-3 33%€ 981 321 350 379 433 166 667 123
A~ 3998 949 320 322 378 434 192 692 113
a~% 3108 @8 383 230 33 388 157 979 104
a=u 2326 9 &8 2%, 1 3 9 363 12 9 9.7 1 04
a=? 2136 10.7 308 297 441 314 127 438 110
A-8 2122 103 293 338 4327 294 94 42 @72
“=% 2060 11 2 391 20 4 3 80 N9 14 4 6 &7 1 08
w30 813 3.3 126 3512 570 91 379 198 38
A=11 291 7 10 198 0.8 S 11 13.7 S &1 2 99 712
%13 1494 778 202 440 4% 183 828 363 86
a-13 13%8 7 33 188 St 2 4 90 137 8 39 2 83 991
R=-14 1387 ? 47 203 47 1 4 81 19 & ? 01 3 18 1 o2
=19 Be9 S &t 138 68 8 3. % 7 64 6 03 212 8rs
A-1% 1930 @ % 233 324 329 147 7935 267 100
=12 @879 4 &3 193 40 O 6 06 6 72 4 Ja 218 T46
a~183 T19 4 32 120 7.3 s 77 3.93 4 80 2 09 7%
=19 Ses S a2 199 S1. 3 2. % 8 &7 9 70 2 40 E2e
=1 3304 878 89 21 9 3 49 64 4 193 10 8 981
=3 4894 130 a1 0.7 2.76 142 34.3 16 2 1 43
P-3 3i72 147 347 428 361 %82 238 104 162
B-4 221s e 98 282 33 8 4 16 319 13 2 s 22 1.18
B-S 1287 9 @9 3294 296 443 243 884 403 873
B-6 1009 6 12 193 421 9 24 9 80 4 66 2 619
B=7 1164 S. PO 177 1.2 S 11.0 4 32 2 93 419
-3 783 4 32 133 32 6 3. 80 6 46 273 221 438
B-% 461 343 911 96 430 330 263 1 a8  4e9
B-10 339 4 29 8% & 83.3 379 4 a2 3 o8 1. 73 488
P-11 2034 989 266 294 436 T3 963 433 9
E-12 1393 7 &2 203 30 9 4 97 147 4 00 311 7a%
3-i3 1810 903 246 290 4% 223 813 393 943
B4 2637 976 328 248 378 e’ 123 669 92
P-1% V16 13 8 342 a7 1 J es 48 2 14 7 6 68 111
C-1 3608 119 397 2We 339 73 2209 101 127
C~2 639 4 08 119 43 0 S 99 9 13 4 18 2 %6 &97
€-3 688 387 118 se3 973 576 42 230 670
C-4 3J102 12 2 r 26 3 4 10 45 8 14 9 9 &9 127
C-% 3686 121 413 198 377 628 196 744 113
C-s 3446 L 9 Jeq = 7 a9 93 & 19 3 6 94 1 20
c=-7 2219 12 9 Jes i 9 4 16 46 4 12 3 9 64 1 08
c-8 2604 190 9 303 s 2 4 36 34 & 10. 3 477 994
c-9 182 7 8s 212 43 i 4 78 20 7 9 4 4 02 1 0é
C-10 3% 317 780 (@@ 842 273 242 1435  e81
C-1] 487 3 08 81 4 138 & 20 3 48 J 86 1 e 711
c-12 20 8 298 i6 2 4 73 23 .3 7 89 3 9 es:
€-13 1Mt 11. 3 Jes 17 6 4 27 43 9 12 2 S 83 112
C-14 2663 113 64l 140 4G3 387 12e 739 109
C=19 4333 12 0 ase 18 & 3 &0 77 a1 2 ? 20 1 44
C-16 €431 i1 7 839 139 3% @i 302 108 130
C~-17 1198 s e 142 es 3 S &3 10 & 7 82 3 04 1 10
c-1@a a7 4 % 130 73 ¢ T | 7 20 s 79 & 94 924
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Table A.3 (Continued)

oP-1
oP-2
GP-3
GP-4
cr-3
GP-6
Ge-7
cP-8
Gp-9
GP-1¢
eP~11
oP-13
GP-12
oP-14
GP-1t
oP-1¢
oP-17
oP-1E
GP~1%
GP-2C
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oP-2:
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61
3
i8
21

RN QW LYWW R R R e
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33
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Table A.4 Steady-state heat transfer results for tests on a tube
bundle with grid spacers.

set Q T R RxAZ?  Pr G Sopy &= Waiw
(w) (x10%) (x209) (x209 c
GC-1 s8s 387 937 787 600 4% 318 1 81 837
eC-2 &73 %13 102 7e 8 5 81 s % 382 1. 71 610
GC-3 930 6 27 141 50 4 S 66 B8 14 4 54 199 707
GC-4 963 6 92 139 64 5 S 43 98 8% 976 20% @13
GC-3% 1088 & 76 194 2.9 8.7 i0.3 &7 &% 789
GC-6 1409 8 29 196 3.9 S1s 141 63 2 %8 727
GC-7 1337 ? 34 20e 39 3 4 98 163 768 2 73 931
GC-8 13% 9 86 20°% 46 3 a4 81 179 899 289 1. 02
GC-9 209%8. 109 268 347 4. 43 26 % 3.2 327 513
GC-10 2299 10.9 283 34 9§ 4 43 29 8 12.9 4 17 1 27
GC-11 1884 8 % 232 398 426 261 108 4 61 953
GC-12 1983 10. 1 263 46 2 399 303 14 7 4 80 1.20
GC~-13 202s 8 72 263 58 9 378 34 4 189 & 04 1 40
GC~-14 2211. 9 20 20 44 6 I 71 38 8 168 & 38 1 20
GC-13% 2314 8 935 302 437 3.%7 4323 192 7 32 1 28
éC-16 2123 8 64 279 600 3. 69 376 2215 &6 %9 1. %2
GC~-17 2071 1003 27 927232 3 29 194 508 1 %
GC-18 2097 ? % 27 37 4 406 309 128 4 9 1 08
GC-19 2097 108 273 43 &6 4 04 21 8 198 4 93 . 38
eC-20 1923 9 46 2%8 362 418 27 % 111 4 32 990
GC-21 2238 116 299 22 0 4 40 293 @883 398 861
5C-22 18%7 11.4 299 237 s 23 18. 1 7.16 2 47 947
GC-23 1893 11.9 2% 2% %9 498 20.1 7.87 2 64 933
GC-24 834 7 26 124 64 9 35 % 72 4 39 1. 66 683
GC-29 a7 4 68 103 1.2 %28 A7 4 00 1. 97 608
eC-26 692 S &7 110 9% 8 3 91 .92 912 5. 97 913
GC-27 2382 4 13 619 164 s98 298 29 1.26 489
GC-28 437 4 3N 107 S8 0 607 9500 311t 1.70 837
GC-29 488 3% @847 817 2% 3% 27 208 490
GC-30 402 4 10 &7 7 119 & 11 308 2 92 1 29 440
GC-31 4a9 3 81 77 0 123 619 I M 3 43 1 48 612
GC-32 2Jo3 279 993 211 6 40 213 2 98 1 02 s64
GC-33 %42 4 14 980 442 6238 301 1 99 1.36 368
GC-34 770 4 %0 132 379 603 9593 2308 1 89 s24
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Table A.4 (Continued)
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cP-3
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