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SUMMARY

A rec tang ula r 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 natural circulation condi-
tions. A 21 rod bundle arranged in a square array with a pitch-
to-diameter ra tio of 1.33 was used as the tes t heat exchanger.
Deionized water at atmospheric pressure was used as the working
fluid in the loop. Natural circulation resulted from the den-
sity difference of the fluid within the loop between the two
vertical legs of the loop.

S teady-s ta te and transient experiments were performed. Based on
the s teady-s ta te data ontained, empirical correlations for fluid
friction and heat transfer of the circulating fluid flowing
through the tube bundle wars developed. The pressure drop in the
loop was found to depend on the Reynolds number. Friction factor 5

relations for laminar forced flow through tube bundles were found
to accurately model fluid friction of the circula ting fluid
through the tes t bundle. Empirical correlations for the average
Nusselt number were developed for both parallel-flow and
counter-flow arrangements of the tes t heat exchanger. The place-
ment of grid spacers on the tes t bundle was found to have little
effect on the total flow resistance of the circula ting fluid,
while enhancing the average heat transfer from 5% to L5%, depend-
ing on the thermal and flow conditions.

The dynamic response of the circulating fluid and of the loop
s truc tu ra l componen ts was predicted from a one-dimensional model.
The model equations were solved numerically using a finite-
difference method. Local tempe ra tu res and flow ra tes of the cir-
culating fluid were predicted for three step changes in the heat-
ing rate (s ta r t-up , s tep increase and neep decrease). Good
correspondence was obtained between the predicted and measured
local tempe ra tu re s and the time to reach s teady-s ta te conditions.

iii
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NOMENCLATURE

a Coefficient in Fanning friction factor relation

A Cross-sectional flow area of loop components

A Cross-sectional area of glass tubing

A Cross-sectional area of insulation
ins

b Constant in Faning friction factor relation

C Constant in expression for Husselt number on inside of

tubes, Eq.(4.14)

C Constant in to ta l resis tance relation, Eq. (3.10)

c Specific heat
P

d diameter of heat exchanger tubes
w

D Hydraulic diameter defined in Eq. (3.6)

D Inside diameter of glass tubing
t

f friction factor

G Moss flow ra te of circulating fluid

Gr Grashof number defined by Eq.(3.16)

i
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Gr Grashof number based on average heat flux in the source
a

lg defined by Eq.(3.L5)

g Gravitational constant, 9.81 m/s

E Average heat transfer coefficient ou outside of tubes

E Average heat transfer coefficient on outside of insula-

tion in ambient

h Local heat transfer coefficient on inside of tubes
'

i

h Local heat transfer coefficient of outside of tubes
o

h Local heat transfer coefficient of inside of glass tuning
at,

K Total form loss coefficient for flow around the loop, see

Eq. (3.10)

k Thermal conductivity

L' Length of tube bundle in source leg

a Mass flow ra te of fluid passing through tube bundles

Eu Average Nusselt number on outside of tubes

a Number of tubes in a bundle

:

P Pressure of circulating fluid or perimeter

; p Pitch (spacing) of tunes in bundia

P Heat transfer perimeter, (n x d )
ht o

xi
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P Shear perimeter, (P + 2xD )
sh ht g

Pr Prandt1 number

p Inside perimenter of tubes

p Outside perimeter of tubes

p Inside perimeter of glass tubing

q Heat flux

R Effective flow resistance

a spatial co-ordinate about the loop

T Local temperature of circulatig fluid in loopg

AT Driving tempe ra tu re difference

AT Average temperature difference between tubes and circu-
,

isting fluis

T Local glass wall temperatures

T Local insulation temperature

T Local temperatures of fluid passing through tube bundles

T Local temperature of circulating fluid in source sink Leg

T Local tempe ra tu re of circulating fluid in source leg
so

T Local tube wall temperatures
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i
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6 Thermal coefficient of expension of wa te r

c Porosity of tubs bundle
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1. INTRODUCTICN

1.1 Ja c_kg,r o v e d

Natural circulatfit loops (thermosyphons), created by hea t

addition and removal to/from a fluid in different arts of the

system, utisa in many engineering applicatiouc, including some

cooling moser of nucleer reactors, computer cooling applications,
solar heatang and cQaling sys teos , geothereal power production,

and process Ladustry. In the loop, there is tiuid flow due to
buoyant forces that result from the density difference between

the heated and cooled pet ta of ths Loop.

General reviews of theruosyphoun tactading appttcations have been
given (Japikat, 1973; McKee, 10/9 4 Nor$on ano Probert. 1932;
Zvirin, L98L; M.ir to k end G e t; ii , 1964). One of tre najor uses of

natural circulation Lo&ps e r f.s g s in s ep m e coolind modes of nucicar
reactor applications. The probles or decay hea t rquoyal from the
core by natural couvecti.on circulation has gained icterect,

particularly after the Three . tile Island (TMI) occideng. Keviews

specifically concerned with nuclear reactor applicatious of

natural circulation loops have been prepsted (Zvirin, L98L;

Zvicin and Rabinoviz, 1943). Th&rmosyphons may bscome uns ta ble
under certain conditions and have been recently reviaued (Martel
and Greif 1984). Unstable 110v6 are of c o n c.e r n tu asymmetric fiow
situations where heat removal is necasaary, such ac in nuclear

reactor cooling. They can lead to flow stagnation and flow
reversals, causing local temperettre increases. In exttewe

situations boiling may occur, f.11 L c w a d oy core ungovering and

damage to the fuel rods.

Often, in natural circulation loops, tube or rod bendtes are sted
to provide the source of heat addition and the sink for heat
removal. However, a Literature review followi.sg the TMI-2

nuclear reactor accident revealed an availability of basic taat
transfer and fluid friction data for natural circulation flow

axial to the tubes (Viskanta and Mohanty, 1931). Grue3Caynski
and Viskanta (L983) have performed experiments using a mundle

with a triangular tube array as the source of heat in a vertical
Lag of a closed rectangular Loop. They developed enpirical

correlations for the average Nusselt number and friction factor
applicable to loops of similar geometry. No other known work

appears to provide such usefu1 correlations for na tura l

convection circulation in tube bundles. Zvirin et al., however,

did calculate the pressure drop about a loop, typical of

pressurized water reactors (PWR's) (Zvirin et al. 1981).

The very Limited results for natural circulation flows are

meaningful only for the geometry used and the type of heat input
(i.e., constant tempe ra tu re , constant heat flux, etc.). No

general conclusions can be drawn from the preceding work to apply
toward natural circulation loops of different geometries and heat
inputs. Therefore, forced flow results, which are documented for

i

J

L
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a wide range of geometries, are used to provide comparisons with
natural circulation results. It has been determined, is general,
that friction factors and neat transfer coetficients tor n a tu r.11
circulation flows are higher than would be predicted from forcee )
flow correlations (Gruseczynski and Viskanta, 1983). For

,

example, Kemeney and Somers (1981) have shown tha t as natural j
convection effects become more significant in combined free ana i

forced convection flow in vertical tubes, tne friction factor,
based on the Reynolds number, increases above the value tha t
would be predicted by the forced flow relation. An analysis of
combined convection heat transfer in an infinite rod array by )
Yang (1979) with uniform imposed heat flux indicates that the '

effect of natural convection is to increase the Nusselt number ,

and pressure drop. 1

Some important results from axial forced convection flows over l

tube bundles should still be applicable to na tural circulation I
flows. Sparrow and Loeffler (1959) have presented an analytical
solution for longitudinal, fully developed Laminar flow between ;

cylinders to determine pressure drop and friction factors for
'

arrays with different porosities. They found that the friction ;

factor increases as the porosity of the bundle decreases. For '

Laminar forced flow, Schmid (1966) has shown that, except for
small pitch-to-diameter ratios, each individual tube could be
considered isolated from the other tubes. The tube bundle could
then be divided into a number of ceLis. All correlations would
be cased on this ' effective flow area aboat one tube. Mohanty
and Roy (1979) have fosud that the experimental da ta for the
friction factor in laminar flow could accurately be correlated
with Blasius co r re la tions using the hydraulic diameter of one
tube based on the effective flow area. Up-to-date reviews of
fluid friction and heat transfer data for Low Reynolds number,
forced convection flow are available (Joaansen, 1983a, Johansen,
1983b, Rehme, 1983) and there is no need to repeat them here.

Grid spacers are often used to separate rods in PWR fuel
assemblies. Much work has been done to catermine their efiect ou
heat transfer and pressure drop for forced flow conditions. No
work appears to have been reported, however, considering these
effects in natural ci rcula tion flows. Based on previous results
(Johansen, 1983a; Vleck and Weber, 1970; Marek and Rehme, 1979;
B ragina et al., 1981) it has been determined tha t the blockage in
the flow created by the grid opacers increases the pressure drop
and enhances the heat transfer due to mixing 1.2 the region 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 most comprehensive
collection of the existing pressure drop and heat transfer data.
They also have reported an empirical reLarios correlating the
data for the different geometries conside red.

2
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1.2 Objectives and Scoge of Research

The main objactive of this research is to gain a better

understanding of fluid flow and heat transfer of a single-phase
fluid for nStural circulation flow longitudinal to a tube bundle
which is prototypic of PWR fuel elemen ts . The specific goals of

"

the research project are the following:

1. Measurs heat transfer coefficients on a tube bundle in the

a bs ence . of rod spacers under natural circulation conditions
in an atmospheric pressure loop using water as a working
fluid and correlate the experimental data.

1. deasure heat transfer coefficients on a bundle with rod
spacers and correlate the experimental da ta.

3.' Develop a model to predict the dynamic behavior of the

natural convection c&rculation loop (circulation fluid and
structural components) and compare the results with the

,

'

experissathi data.

i.
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2. EXPERIMENTS '

,

2.1 Natural Circulation Loop and Tube Bundles

The single-phase natural circulation loop used in the experiments I

is shown schematically in Fig.2.1. The loop is constructed from
Kisax glass tubing and consis ts of a tune bundle (i.e., beat
exchangers) in each of the two vertical legs of a rectangular
loop. The inside diameter of the glass tubing is 7.62 ca. To
insure that the manufacturer's specification for the safe
pressure of the glass Loop is not exceeded during operation, a !
reservoir is fitted to one of the top flanges, open to the ;

atmosphere. This teature allows for normat operation of the loop
at acaospheric pressure. The loop is insulated with three layers
of 2.34 ca thtch Johns-Manville insulation tubing on the vertical i
and horizontal legs as well as on each of the tees.

[
t

The two tube bundles shown in Fig.2.1 provide a means for heat
,

addition and removat using water as the working fluid. The tube
'

bundle (#1) in the hot leg serves as the heat source in the ,

natural circulation loop, whereas the other tube bundle (#2) in
the cold leg serves as the heat sink. The inlets and outlets to
each of the tube bundles could be interchanged to a! Low both
counter-flow and parallel-flow heat exchange. Dimensions and
characteristice of each tube bundle are given in Table 2.1 and
Fig.2.2.

,

.

Tube aundle di was constructed of a cluster of tw e n ty-on e copper |
Itubes arranged in a rectangular array, having a pitch-to-diameter

ratio (PDR) of 1.33. Tube bundle #2 was constructed of seven -

copper tubes arranged is a triangular array with a PDR of 1.25. f
The arrangement shown for tube bundle #1 was chosen because the |
array is similar in geometry to PWR fuel elements.

Heating and cooling fluid was supplied by cold and hot water |
Lines along with a high pressure steam line. The cooling fluid a

was supplied by a cold water line at a temperature of 1412 C.

2.2 Instrumentation

The loop was instrumented so that the heat addition to the loop
could be determinea from the nessured camparature enanges across,
and the mass tiow rates of the working fluid through the tube
bundles. Because of the low velocities of the circulating fluid
in the loop, invasive methods could not be used for the
measurement of the local velocity without disturning the flow
field. Optical methods such as LDV (Morrison and Ranatunga '

1980) could be used for such a purpose, but the technique is also
frought with difficulties such as the precise location of the
test volume in a fluid which has large temperature gradients and ;

a rather strong variation of the inder of refraction with j
temperature. The velocity of the fluid in a natural circulation i

|

|

|
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Table 2.1. Dimensions and characteristics of the tube
bundles and loop

Dimensions Tube Bundie #1 Tuoe Bundie #2

No. of tunes 21 7

OD of tubes (mm) 9.55 19.05

Tunc thickness (mm) 1.587 1.02

Length of tube bundle (m) 1.6515 1.575

Cross-secgional flow 0.003064 0.002565

area (m ) c

Type of array Rectangular Triangular

Pitch to diameter ra tio 1.33 1.25

Hydraulic diameter (m) 0.0195 0.0245
(heat transfer)

I

Hydraulic diameter (m) 0.0141 0.0156
(shear area)

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

i

. Length of ho riz on ta l 1.486 1.486
legs of ioop (m)

Length of vertical 1.499 1.499
legs of loop (m)

T o ta l volume of 0.2145 0.2145
water in loop (m )

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

loop could also be determined using dye-traicing (Ong, 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-
s ta te conditions only.

The loop was instrumented with coppe r-cons tantan thermocouples.
On tune bundle #1, six equally spaced thermocouples were placed
along the ou ts ide wall of the cuatral tuDe to measure the wall
temperature along 'tnis tube. Three thermocouples were placed

7
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4 .

along the ou ts ide wall of the central tube to measure the wall |

temperature along this tube. Three thermocouples were placed
along the ou ts ide wall of a tube adjacent to the central tube,

and two thermocouples were placed along the ou tside wall of one
of the outer tubes. The off-center tubes were instrumented to

,

determine if any differences in wall temperature between the'

central and outer tubes were evident. Similarly, seven

; thermocouples were soldered to tube bundle #2, five along the |
t central tube and two on one of the outer tubes. !

|i

| In addition to these thermocouples, a differential thermocouple
was set up across each tune Dundle to accurately measure the

j temperature difference of the heating / cooling fluid across the

j tube bundles. Also, in each header of both tube bundles

{ (Fig.2.3), copper-constantan thersecouples were installed to

directly measure the mixed-mean temperature of the fluid at the'

inlets and outlets of the heat exchangers. Special mixing
chambers were designed and ins talled in the two tube bundles for
insuring that true mixing-cup temperatures were measured in

]
determining heat addition and removal from the loop.

J

j Thermocouples were ins talled on both ends of each of the
j horizontal connecting 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 ins talled in the horizontal legs at

the top and cottom of the hot leg indicated the mixed-mean
circulating fluid temperature. For all conditions this was

j within the accuracy of the thermocouples and the data acquisition
system. The wall temperatures of the loop tubing were measured
by installing many -thermocoupes along the outer wall of the

,

j tubing at various locations around the loop (Fig.2.2). A total '

i of 42 thermocouples were installed around the loop. The
j tempera tu re readings were recorded at frequent time intervals
i using a precaliorated Esterline Angus da ta logger.

j The average heating and cooling fluid flow rates were monitored
! using Brooks turbine flow meters which were calibrated prior to
i the tes ts . The turbine flow meters produce a number of pulses

proportional to the flow rate. The pulses were recorded by two
Anadex digital counters.

2.3 Flow Visualization

In order to es ta blis h the flow regimes of water in the loop, ai

i 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 inz

| the loop were largely ineffective because the dye was injected in
j the horizontal connecting legs and became completely mixed with
j the circulating water in the tees connecting the horizontal to
-

:
,

8
!

_ _ . _ _ . . _ _ _ _ _ . _ _ . - - . . ~ - _ . - - . . _ _ , _ , . _ . . _ _ _ ._ _.- _ _.... _ _ . _ .,



- 0.873 cm'

: ;

* i
#

!1.826 cm

7.620 cm ,

'

10.160 cm

o |
|1.112 cm

T

13.335 cm

!

Mixing Chamber -:

!

g hr M

W i1 .

,n
.,,

1 ->

E :

W M

,E, a :
- .

3 ie .

m ._

h,. I
,

*E
'".

,E, a :
i

.
f

h

Figure 2.3 Sepa ra to r plate and mixing chamber.
|

9

. - _ . _ - _ - - .. . . - - - . - - - - _ _ _ - - - - _ . - - . _ _ - , - _ _ _ _ - _ _ . _ _ - - - - _ - _ _ _ - - ..



|-

.

t

'

|

|
|

the vertical legs (8}. Loca ting the dye injection system on the
source leg allows for a better observation of the flow of water
in the loop under natural circulation conditions longitudinal to

Ia tube bunale. The dye can be injected into the Loop at
different radial positions within the tube bundle using a

i syringe.

The flow was best visualized using a florescent 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 illumination 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 into 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 locations along the bundle.
Photographs for all the heating rate cases wsre taken at an axial
position along the rod bundle approximately 10 cm above the
location at which the dye was injected.

2.4 Test Procedure
1

The loop was filled with deionized wa te r through the reservoir,
located on the top of the cold leg. The copper tube bundle in
the hot leg was connected to the heating fluid line described
previously. The copper tube bundle in the cold leg was connected
to the cooling fluid line. The valves controlling the flow in
the cooling and heating lines were opened manually to initiate
flow of the working fluid through the tube bundles in the hot and
the cold legs. The temperature of the heating Line was
contr-11ed by changing the ra te at which steam was mixed with
cold water. The flow rates of the fluid flowing through both
tube bundles were controlled by adj us ting the gate valves in both
lines, and were held cons tan t for the tes t runs.

A series of s teady-s ta te tests were run to obtain the heat
transfer data between the tube walis and the fluid flowing within
the loop under natural circula tion conditions. Tes ts were
performed without and with grid spacers (Fig.2.4) ins talled on
tube bundle #1. These da ta were needed to develop heat transfer
correlations in terms of relevant dimensionless parameters.

1

Three different types of transient tes ts were perforneo for each I
tube bundle flow arrangement in the hot Leg. The firs t tes t was
a startup condition. The circulating fluid was initially

| s tagnan t. The second test consis ted of a step input in the |
heating rate from an initially s teady-s ta te operation of tae )

{ loop. The third tes t consisted of a step decrease in the heating '

rate from an initially steady-state operation of the loop. (|' Readings were recorded frequently until s teady-s ta te conditions
were rees tablis hed in the loop.

.J

10

_ . _ . _ _ _ , _ _ . _ . _ _ _ , -

_ __ _ _



. _ _ _ . _ _ _ _ _ _ _ _ _ . . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ . _ _ _. _ _ _ _ _ _ _ _

;

i

|

> <
-,

1
,

5.0 cm / \

f

,

Figure 2.4 Egg-c ra te type spacer grids. ;

11

. . - - - - - _ . _ , - - _ - - . - - . - - _ . _ - . . - . . . . . . . _ _ - _ _ - - _ - - -



.

.

3. HEAT TRANSFER UNDER STEADY-STATE NATURAL CIRCULATION'

CONDITIONS

3.l Steady-State Thermal Analysis of the System

3.1.1 Physical Model and Assumptions+

When the hot and cold vertical legs of a natural circulation loop
are connected as in Fig. 3.1, the flow in one communicates with
the other. A pumping action due to the difference in the average
density in the two average legs is present. This is the forced
convection component. In other words, the phenomenon in the loop
is forced convective, but locally in each of the vertical legs
natural convection supports or opposes forced convection. Forced
convection cannot occur if the two vertical legs are not

connected, irrespective of the heat addition or removal.

A mathematical model has been developed to predict the thermal
performance of a single phase natural circulation loop shown in
Fig.2.l. A one-dimensional model, where the only space
coordinate, s, runs along the componen ts of the loop is adopted
to describe the spatial dependence of the mass flow rate and
temperature (Zvirin, 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 natural i

circulation loop, we apply the conservation of mass, momentum and |
energy principles to a difterential volume element of fluid or '

s truc tural component. In the framework of the one-dimensional I
model, the only spatial coordina te s, runs counterclockwise
around the loop. The Boussinesq approximation is adopted, i.e., ;

the density of the fluid is considered cons tant in the governing I

equations except in the buoyancy term. The other fluid
properties are assumed constant, which is justifiable for the
small temperature variations expected. Separate energy balances
are made on the working fluid, the tube bundle, the circulating
fluid, the loop piping, and the insulation. Axial heat
conduction (in the s-direction) along the internal structural
componen ts comprising the loop as well as the circulating fluid
are neglected in comparison to advection or convection. Kinetic

i and potential energy changes of the circulating fluid are
negligiole in comparison to advection and neglected.

|

3.l.2 Mathematical Model

Under steady-state conditions, and assuming that the circulating
flow is incompressiole, from the equation of mass conservation,
it is apparent tha t the mass flow rate of the circulating fluid
is constant.

,

12
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i 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
i s s

| RG /2p p,gSL3[0f T,,(s)dx f T,g(s)dx] p,gSL,aTD $3'1)- ==

0

i

i where R is the effective flow resistance parameter and is

composed of the sum of the frictional and form losses,
i

!
'

; L K

2 + E _J
L

l R E 1 (3.2)=

2i!

3 ^jhi i
,

e

'

The energy equation must each c of thewri a forb$oop . t tf o r vertica$aSegonenf the loopj individual Legs of the the o
j containing heat exchanger #1, an energy equation was written for

the fluid flowing through the tubs bundle, the tune walls of the,

I heat exchanger, the circulating ficid, the glass walls, and the
i insulation. Under steady state conditions the energy equations

for the components becose

Working Fluid

IdT

Tg) (3.3)h P n(T,ac = -

, g g

i
j Tube Bundle
1

i
6

0 (3.4)h P n(T -T ) h P a(T f)T => - -

; i i i w o o w
,

i
'

l
i Circulating Fluid
I

dT
! Cc Ta) (3.5)= h P n(T oc ot(T fTf) U P- - -

p da o o w

j

j The heat transfer rate to the circulating fluid is j

determined from Eq.(3.3) from the knowledge of the temperature j
difference and the mass flow rate of the water flowing through I

|the heat exchangers. The mass flow rate of the circulating fluid
1s determined by equating the heat capacity ra tes of the fluid
flowing through the test bundle and the fluid passing axially
over the bundle.4 ,

! |

|

'
i
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1

Local temperatures of the fluid flowing through the heat

exchangers were calculated knowing the inlet and outlet
',

temperatures for turbulent, hydrodynamically fully developed,
thermally developing flow (Groner et al., 1961), and then

,

adjusting a cons tan t in a correlation for the convection heat
transfer coefficient h so that a numerical solution of Eq.(3.3)

g
results in a calculated ou tle t temperature equating the measured

one.

Local heat transfer rates were calculated tron the knowledge of
I the local heat transfer coefficients inside the tubes, the

' corrected local tempe ra tu res' for the fluid flowing through the

j tubes, and the local tube wall temperatures.
!

An ite ra tive procedure was used to determine both the local
,

temp e ra tu res and local heat transfer coefficients for the

circula ting fluid. Initially, local tempe ra tu res for the

circulating fluid in the source leg were assumed. Local values
for the heat transfer coefficient on the ou ts ide of the tubes

,

could then be determined from Eq.(3.4) then, from Eq.(3.5) new'

values for the working fluid tempera tures were determined based
; on the calculated values for the local heat transfer

coefficients. This procedure was repeated until all of the local'

i temperatures and heat transfer coefficients converged.

The hydraulic diameter used in the above development was defined
as

4A/P (3.6)| D 4A/P or D= =

h ht h sh

The perimeter for shear and heat transfer, P and the perimeter,

*
for heat transfer P are defined asht,

= nnd + xD (3.7)P
sh w t

|
| and

I P and (3.8)=
' ht w

For the tube bundles in each of the vertical legs, the hydraulic
diameter is ty pica lly based on the equivalent flow area around
one tube (Sparrow and Loeffler, 1959; Schmid, 1966). In a square
array bundle, this flow area is

2 2
nd,/4 (3.9)S

|
A = -

| where S is t.h e pitch or spacing ot the tubes in the bundle. The
!

15
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l
1

perimeter for heat transfer is simply the outer perimeter of one 1

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

3.2 Steady-State Tes ts in Absence of Grid Spacers

The effect of heat exchanger flow arrangement, heat exchanger
flow rates, and heating and cooling rates on heat tranater and
fluid friction for longitudinal natural circulation flow through
a tube bundle was determined. Lis ted in Table 3.1 are the
conditions for each of the tes ts .

Table 3.1. Summary of steady-state tests

1

Data Set n (kg/s) of Fluid Heat Exchanger #1
i Cooling Heating Arrangement

A 0.050 0.15 Counter-flow
B 0.050 0.09 Counter-flow
C 0.090 0.15 Counter-flow
D 0.050 0.15 Parallet-flow
E 0.050 0.09 Parallel-flow

| F 0.090 0.15 Parallel-flow

i

3.2.1 Flow Visualization and Fluid Friction

The flow was observed to be stable in all cases. Also, the I
circulating fluid flow rate was observed to almost
instantaneously (within 5 seconds) increase / decrease after a s tep
increase / decrease in the heating rate was implemented.

|

Flow visualization experinents showed a definite transition I

region from Laminar to turbulent flow. On the average, the
transition from Laminar turbulent flow occurred when

4

5 5
6.6x10 Gr 4.8x10 ReGr 340

.

= = =
, ,

; m
1

1

I Figure 3.2 Litustrates the relationship between the Reynolds
number (Re) and the Grashof number (Gr ) for the counter-flow

Dand parallet-flow arrangements. The data were plotted using two
different abscissa scales in order to avoid overlap and more;

clearly present the different results for counter-flow and
parallet-flow heating a r ra ngemen ts . Note that the Reynolds
number is proportional to the mass flow rate of the circulating
fluid in the loop, and the Grashof number, based on the driving
temperature difference AT 18 Proportional to the heat addition

De
to the system. The results show that for identical heat addition

!

!
1
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i

rates the mass flow rate of the circulating fluid in the
paraiLel-flow arrangement is greater than for the counter-flow

! case. The explanation for this observation is that for
parallet-flow a larger tempe ra tu re diiterence between the heat
exchanger fluid and the circulating fluid at the bottom of the

; source leg was measured than for the counter-flow case. This
resulted in a larger Duoyancy driving force, causing a higher

,

1 mass flow rate of the circulating fluid.

i
'

Frictional pressure drop could not ne determined experimentally
using invasive methods, Decause the velocity of the circulating

i fluid was too smaLL. Therefore, the frictional resistances in

; each of the component legs of the loop was determined indirectly.
flow res is tance parameter Reffgetive|

The analysis of the

indicates that a plot of RA versus 1/Re would be a straight line
g

1 of the form (Gruszczynski and Viskanta, 1983)
!
i

2 2
C /Re + KA (3.10)RA =

g R T g

|

where A is the cross sectional flow area and Re is the Reynolds'

Inumber of the circulating fluid in the source Leg. The cons tan t

! C 18 c 8 Posed of the individual friction factors for each Loop
R

i component, and K is the total form loss coefficient for flow in
j the Loop. Analysis 8,050 andof the data gives a slope of C =

1.467 (Fig.3.3). The intercept is nearly se$o, indicating'
K A =

t$ak the effect of form Losses in the loop is negligible in
;

comparison to the frictional losses.
i

! From this value for C the triction factor re la tions for the i

th e, Loop can De found. Assuming that in eachj individual Legs of
a/Re, and taking theof the legs the friction factor, f =

coefficients a = 43 for the horizontal connecting legs and

! assuming that a =a since the porosities of the two bundles are
t 2 31.2. For forced convection

,
approximately aqual, then a =

t
a, =

! laminar flow in a a tune bundle wIth a squarely arranged L9 tunes
and a S/D 1.3 (approximately the same as the rod bundle used in=

this study) a was found to be 27 (Mohanty and Roy, 1979).

To cetter understand the flow and heat transfer regimes under.

|| natural circulation conditions, a plot of Re vs. GrPr(D /L) was
made and is shown in Fig.3.4. The various regimes of flow based
on a correlation of these parameters for flow in a vertical pipe,

; are described in the literature (Hetais and Eckert, 1964) .
,

j Using hydraulic diameters in place of the tube diameters in both j

j the Reynolds and Grashof numbers, the flow in the natural )
I circulation Loop is seen to fall within the mixed convection

; regime.

I
| Mixed convection does in fact exist. Consider a packet of fluid, !

! initially in the source leg as was used by Wetander (L967) to

j describe flow instabilities. Buoyancy differences between the

.!

L8
,
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i
; source and the sink legs cause the packet to circulate about the
j loop. When the packet of fluid completes ott- revolution and

|
returns to the source leg it will have gained somentum from the

i buoyancy forces. So, to the source leg it will appear that the

packet of fluid has been forced into the Leg. Yet, Duoyancy
forces would still exist to drive the flow, so the particle of

j fluid passing through the source leg will be subjected to both
j forced and free convection.
i

1

) 3.2.2 Average Heat Transfer Coefficients

Since unique parameters which control heat transfer in a natural
circulation loop, as is the Rayleigh number in free convection or
the Reynolds number is in forced convection, have not been

; identified, different dimensionless parameters were tried in
correlating the average Nusselt number data. For all attempts it'

could be obtained by plottingwas found thag g be tter correlation
1 against Hu/Pr rather than the average Nusselt number, Nu,

alone. This finding is consistent with the results of a previous
,
- work (8).

*

Figure 3.5 shows a plot of the heat transfer parameter Nu/Pr
vs. the Reynolds numeer for noth counter-flow and parallel-flow

,

j arrangements. For counter-flow a correlation determined on the

! Dasis of least squares fit of the data was of the form
I
i
.

Nu = 0.026 Re Pr (3.11)* *

i !
i

For pa ra lle t-f low the following correlation was obtained,'

0.80 0.431
---

Nu = 0.051 Re Pr (3.12)
|

The dashed lines in each of the figures represent results of

; Grussesynski and Viskanta (1983) for a different tube bundle
geometry. The difference between the two correlations
demonstrates the dependence of the heat transfer coefficient on
the geometry of the tube bundle. The reason tha t the average
heat transfer coefficient data correlate vs. the Reynolds nunner
is because the Grashof number (Gr ) is nearly proportional to

the Reynolds number (see Fig. 3.2)D.

In general, the para 11el-flow arrangement resulted La higher ;
'

Nusselt nunner than the counter-flow case for Reynotes numbers
below 200. For increasing Reynolds numbers, the average Nusselt !

number for the counter-flow arrangement becomes progressively
greater than that for the paratiel-flow case. It appears that

| the buoyancy driving force for Reynolds nunners greater than 200
secomes progressively greater for the counter-flow case

i
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I

Another correlation for both the p a r,a t t e lg f f gw and counter-flow
j arrangement results from plotting Nu/Pr versus ghg3 modified

Grashof number. Figure 3.6 shows the plots of Nu/Pr versus'

Gr for both flow arrangements. For counter-flow the correlation
obTained from the least squares fit of the data is of the form, |

!

o.43 6*

Gr, < 10 (3,L3)0.11 Gr Pr 4 x 10 <Nu =
,

For para 11el-flow a similar co r re la tion results in
I

I

Nu= 0.024 Gr p,0.43, 10' 60.42
G r, < 10 43,g4)4 x <

In Eqs.(3.13) and (3.14) is the Grashof number based on the
; average heat flux in the source leg q defined as
3 so
| 4

pgSq D
so h

1 Gr (3.15)=
I a 2k

0.43--

A t temp ts to correlate Nu/Pr vs. the Grashof number

! 2 3
p gSD,AT,,g

j Gr= (3.16)
2

' 4

resulted in much more scatter. Note that the exponent on the4

| Rayisigh (Grashof) number is considerably larger than that
usually expected for Laminar or turbulent natural convection ,

' conditions (Eckert and Drake, 1972). The dependence of the
average Nussett number on the Rayleigh number resembles,that for

; natural convection in porous media for which Nu a Ra where a,

i ranges between 0.5 and 0.69 (Gabitto and Boehm, 1981). This type
i of Rayleigh number dependence was noten earlier for tubes in a

triangular array (Grussesynski and Viskanta, 1982) .

!

| Since mixed convection heat transfer appears to be prevalent in
i the na tu ra l circulation loop, an appropriate correlation of the

|
average Nussett number would be in terms of both the forced and
natural convection parameters, the Reynolds and Grashof numbers,,

respectively. Since 2 correlation had been obtained for the;
' average Nusselt num)er vs. the Reynolds number to the 0.8 power

for both flow arrangements, a plot of the Nusselt number timesi

| the Reynolds number to the 0.8 power divided by the Prandt1

| uumber to the 0.43 power versus the modified Grashof number was
made, and is shown in Fig.3.7. It is apparent from this figure

23
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that the data from botn the para 11st-tiow and counter-flow tes ts
'

can be represented by a single curve, as given by the foiLoving'

correlation,

J,

0.00091 (Gr /Re)0.8 g,0.176 p,0.43 (3,g7)Eu! =
e a

i

.

The succass of Eq.(3.17) in correlating all of the experimental
;

data suggests that indeed heat transfer under natural circulation>

! conditions over a tube bunJLe is one of the mixed convection
I type. The average Nusselt number is a function of both the

! Reynolds and Grashof n u m b * 5 '* *' ^" i"*******"" ***"1" *****"*d
G r, for different values of a i

from plotting Wu Re"/Pr vs.
reveals Little sensitivity of the correlations to the exponent a

as Long as a is greater than approximately 0.25.
.

3.3 Steady-State Test Results f or a Bundle witn Spacers ;
,

I

A set of steady-state experiments sin 1Lar to those listed in ;'

ITable 3.1 was performed siter the egg-crate type spacers shown in
4

Fig.2.4 were arranged on the test bundle. Only the effect of

varying the heating ra te s was studied for each of the runs. |

I
Flow visualization with the grid spacers arranged on the bundles j

'

produge any unusual results. At Lov heat (Luxes i' did not

(Gr, < 4.s = 10 , ne < 320) the effect of the grid spacer on the !

flow was to cause mixing in the region immediately downstreau of -

the spacer. The streamlines (for Laminar flow) would then |e

i. redevelop at some dis tance downstream of the spacer. For greater ;

j heat fluxes, no Laminar streamlines formed downstream of the .

spacer. The dye mixed thoroughly with the circulating fluid. ;

i
5 The average fluid friction results with and without grid spacers ,

were practically the same (within experimental accuracy). These
results were not surprising as the blockage ra tio, c, defined as ;

*

i

, f

! A !
8 '- - - (3.L8)'

c=A + A >

gs f r

|i I
'

i

| where A the cross-sectional area of the spacers was only !
so the additional 11ow resistance provided oy the grid i0.2gsc =

spacer was minimal. ;

The results obtained for the average heat transfer coefficients
; in the tes ts with grid spacers differed significantly from the
| results obtained in the tests without the grid spacers. At
'

statiar conditions (i.e., heating rates) the average heat
transfer coefficients were increased by the grid spacers. Based
on the data obtained by Voicek and Weber (1970), and the

i !

'

,

26
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! empirical correlation given by Yao et al. (1982),the ratio of the
l local Nusselt number downstream of a grid spacer, Nu to the

Local Nusselt number which would exist if no grid spaker|'
present is

were

i
; Nu -0.13(x/Dh)! 8' 1.0 + 5.55c 2, 1x100<Re<1.55 x 10 (3.23)=

,

Nu

i

| For the blockage ratio used in these experiments and for the
spacing of the grid spacers, an increase of about 5% in the4

average Nusseit number for the grid spacer te s ts above the value,

i obtained without the grid spacers is expected using Eq.(3.15).

Figure 3.8 provides the comparison of the heat transfer
coefficient enhancement due to the presence of the grid _spacgrg3
showing the relationship of the heat transfer parameter Nu/Pr

i and the Reynolds number. The correlations obtained from the
tests with grid spacers on the tube bundle are

0 o.43du *0.043 Re Pr (3.24)=

' and
.

! 0.75 0.43--

0.077 Re Pr '3.21)Nu =

for counter-flow and para 11el-flow arrangements, respectively.
|' Comparison of the two cases for both counter-flow and parallet-

flow arrangements reveals a flow dependence of the heat transfet
i enhancement. At low Reynolds numbers (Re < 100), an increase of
; nearly 10% in the average Nussett number is obtained due to the
! presence of the grid spacers. In the transition regime
! (Re ,* 320) an increase of only 10% is found. That the heat
) transfer enhancement due to the grid spacers diminishes as the
! flow becomes mixed (irregular) is not surprising. With increased

mixing it would be expected that the additional mixing resulting
from the presence of the grid spacers would have a negligible
effect on the heat transfer as the fluid would already be well

'

mixed under turbulent flow conditions. The conclusions reached
above are reinforced bg,gge results of Fig.3.9 showing the heat

i transfer parameter Nu/Pr vs. the modified Grashof nAmber,
I although the flow dependence of the heat transfer enhancement is

not evident here, possibly because the scatter of data is more
! pronounced. The least squares fit of the experimental data for
'

the counter-flow and parallel-flow a r ra ngemen ts were,
respectively,

Nu = 0.016 Gr p,0.43 (3.22)0.488
I e
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and

0.428 u'43
Nu = 0.072 Gr Pr (3.23)

Again, the results show an increase in the average heat transfer

j coetlicient at identical conditions for the tests with the grid
spacers on the bundle compared to those obtained in the tes ts

J
without grid spacers. Comparison of Figs.3.6 and 3.8 reveals

,

4
that there is greater scatter of the experimental data for the j

'

tes ts with grid spacers on the bundles.

As was done for the tes ts without grid spacers on the tube
i

bradles, the experimental data for both the counter-flow and
parallel-flow arrangements with grid spacers were correlated by a
single equation,

0.00055 (Gr,/Re) Gr,* Pr (3.24)* *
Nu =

] The equation is of the same torm as the one for the bundle
without grid spacers and differs only in the cons tan t and the
exponent of the modified Grashot number. However, the heat
tranater enhancement is not evident as tu the preceeding figures.

; A series of natural circulation tes ts were conducted at a FLECHT
I SEASET tacility which was scaled 1/307 by volume to a full size

PWR (HUREG/CR-3654, 1984). The purpose of these tests was to

identify hydraulic and heat transfer phenomena during single
phase, two phase and rettux condensation natural circulation ,

cooling modes. Extensive tes t data are reported. Data
,

4

! reduction, analysis, evaluations and model development are

discussed. However, no heat transfer correlations for the heater
rod bundle are presented. Direct comparison of flow and heat
removal rates between 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.
,

I

s

.

i
l

!
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4. DYNAMICS OF A NATURAL CIRCULATION LOOP

i 4.1 Analysis of Dynamic Behavior

1 4.1.1 Physical Model and Assumptions

j A ma thema tical model has been developed to predict the dynamic
response of a single phase natural circulation loop shown in Fig.,

3.1. A one-dimensional model, where the only space coordinate,
s, runs along the components of the loop is adopted to descrine
the spatial dependence of mass flow rate and temperature (Zvirin
and Rabinoviz, 1983; Zvirin et al. 1981). The temperature is,

. then, the cross-sectional average in each component of the Loop.
'| The one-dimensionality assumption implies tha t co rrela tions for

fluid friction and heat transfer coefficients have to be obtained
from the literature.;

The same assumptions described in Section 3 were employed in
developing the transient model equations of mass, momentum and

i energy for a differential volume element of fluid or structural
I component. Available results (Gruszczynski and Viskanta, 1983)

have shown that lumping the structural components and the
. circulating loop fluid into a single effective energy storage
I ters (heat capacity) yields an unsatisfactory dynamic response of
i the loop. Therefore, separate energy balances are made for each

fluid stream and structural component of the loop. For example,
in the heat source leg, energy balances are made on the working,

fluid, the circulating fluid, the tube Dundle, the loop piping
and the insulation.

i 4.1.2 Mathematical Model
i
i

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

I
_

E8t+83 0. (4.1)=

The conservation of momentum law for the vertical legs of the
loop may be expressed in terms of the mass flow ra te , G= pA u,

g
and results in the following equation,

2

(T2 o g -T,)]+ ~ ~ Eg - - ~ *
D 2

p

The buoyancy term in Eq. (4.2) is not present in the momentum
equation written for the horizontal legs.
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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. The resulting equations were summed yielling )

L L

L,[f T, (s)de f T,g(s)dx] (4.3a)a + R = p g -

0 0

or

2

p gpL,ATDa = ~ ~
' *

where R is the effective flow resistance parameter, and is

j composed of the sum of the frictional and form losses (Zvirin et
al., 1981), and a is the reciprocal of the flow area integrated
around the loop. The parameter R for each leg is defined as

L K |

R=E f + Z~ (4*4)
i 2

i D d j A
hi i j

The energy equations are written for each component of the
individual legs of the loop. For the vertical leg of the loop

| containing tube bundle #1, the energy equations were written for
'

the fluid flowing through the tube bundle, tho tube walls of the
bundle, the fluid circulating in the loop, the loop walls, and j

i the insulation. These equations become as fo1 Lows:

Working fluid
i
.

BT BT I
.

i 1 I-

n(pc A) , g gn(T,-Ti) (4.5)+ ac = h P

l
1

Tube bundle |

|

BT,

"
n(pc A), 3g h P n(T -T,) h,P,n(T,-Tg) (4.6)= =

g g g

Circulating fluid

bi
t t

~ ~

h,P,n(T,-T g) h,gP,g(T g -T g) (4.7)(pc A)g + Ge a -

p g g,
.
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Loop tube

BT
*

T ,,) (4.8)U P (Tg g g)h P (T -Tpc A = --

g

Insulation

BT
*

-T ) (4.9)-T ins) ins (T(pc A) ins t(T nPU P= -

p Se t t a o a

A similar set of equations was written for the vertical loop leg
containing tube bundle #2. The system of equations for the two
connecting horizontal legs was simpler because 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 bundle #1 (given in Section 3) and tube bundle #2
(Gruszczynski and Viskanta, 1983) as a function of Reynolds
number was used in the calculations. The parameter was
calcula ted for each leg of the loop as a function of the
instantaneous Reynolds number in Section 3. The friction factor
results calculated from the flow resis tance parameter data for
each of the two tube bundles followed, with some scatter, the
correlations reported in the li te ra tu re for laminar forced flow.

The heat transfer coefficients under natural circulation
conditions associated with the loop fluid h and h are assumed

8etermined from tneknown and independent of time and are
s teady-s ta te correlations of the average Nusselt numbers for tube
Duncle #1 and tube bundle #2 (Gruszczynski and Viskaata, 1983).
A correlation for the heat transfer coefficient on the inside of
the tubes for hydrodynamically fully developsd and thermally
developing flow was used (Grober et al., 1961)

t
! Pr !3(D/L) !Eu (4.10b0.02 Re=

The re la tive importance of the thermal resistances has been
determined for a ty p ic a l test at steady-state conditions (4].
The convective resis tance on the circulating fluid side of the
tube bundle was about a factor of two larger than the res is tance
on the working fluid side inside the bundle. The. conductive
resistance across the insulation-was the la rges t and across the
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copper tubes was the 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 can be considered
as quas i-s teady , that is, the flow develops much more rapidly
than the thermal structure. Based on flow visualization
experiments this idealization is well justified. The flow was ;

I

found to develop within a matter of seconds while thermally

developing over a period of approximately an hour.

l

4.1.4 Method of Solution

Use of an 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 spatially. Since the equations

are nonlinear and could not be integrated exactly the system of
equations for the six unknowns (G, T T T T and T ) wereg,, ,

solved numerically by direct integration using a finite-
difference method. Forward difference approximations were used

for both the spatial and 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 in the 1000 were
based on the axially averaged " film" temperatures T(t) in each
leg. For example, the average circulating fluid temperature in'

the vertical legs was calculated from

L

7ff[T,(s,t) +Tg(s,t)}ds. (4.11)T( t) =

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 (i.e.,

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

i

The solution of the finite difference equations required that j

initial conditions be specified for each of the temperatures, '

T (s), T (s), T (s), T (s), T (s). Arbitrary temperatures can

kSopbe used Yor the fluid [n the as initial conditions. For the

simulation of the tes t conditions, the measured initial

temperatures were used as the initial conditions. This was

desirable because the initial phase of a transient could be l
'

simulated more accurately. For example, even in a startup

transient when the fluid in the loop is initially stagnant, there
are tempersture variations, particularly in the vertical legs of j

!

34



_ _ _ _ _ --

.

.

the loop, as a result of tempe ra tu re s tra tif ica tion in the
laboratory.

The tu be bundle wall and loop wall temperatures were known from
the measurements. The mean insulation temperatures were known
from the exact solution for conduction across an annulus with the
known inside and outside tempe ra tu res . The heat addition to the
source leg and heat removal from the sink leg were determined
from the measured flor rates and temperature differences across
each tube bundle.

4.2 Results and Discussion

4.2.1 Test Condi. ions

The tes t conditions for six different tests discussed in the
paper are listed in Table 4.1. All of the tests were performed
as transient flows between two steady end conditions for both
counter- and parallel-flow arrangements in the source leg. This
was done because the driving tempe ra tu re difference for flow
circulation between the two legs is not the same for the two flow
arrangements, and uniform tube bundle wall tempe ra tu res along the
flow direction could not be achieved by the working fluid (water)
even when forced through the bundle at high flow rates. The
s teady-s ta te temperature of the inlet to the hot leg tube bundle
is denoted by T .

,

Table 4.1. Test conditions for dynamic tests

Test Step Change & e Tg ,,

oin Heat Input (kg/s) (kg/s) ( C)

CF-1 start-up U.070 0.054 49.07
CF-2 increase 0.070 0.054 57.23
CF-3 decrease 0.120 0.055 37.05
PF-1 start-up 0.168 0.055 39.12
PF-2 increase 0.100 0.055 54.25
PF-3 decrease 0.126 0.055 44.80

The circulating fluid flow ra tes were not measured experimentally
for reasons discussed previously, and unlike the case for
s teady-s ta te conditions, the flow ra te in the tra ns ies t
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 subj ec ted
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to a step change in heating and appeared to stabilize within five

| seconds.

Neither the flow visualization experiments nor the temperatures

of the fluid measured at numerous locations around the loop

provided any evidence of uns table or oscillating flow for the

test conditions studied. The observations agree with the work of
asymmetricallyothers (Gau and Torrence, 1981) who found for an

heated loop (i.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 conditions.
For small average heat fluxes the flow remained laminar all along
the vertical length pf the tube bundle. However, for average

heat fluxes of 3.4 kW/m radial mixing of water was observed, and
for even higher fluxes mixing occurred immediately in the

vicinity of the dye injection.

4.2.2 Comparison of Predictions With Test Da ta

Figure 4.1 shows the locations where the circulating fluid
,

| temperatures as well as the working fluid, the containment tube
and the tube bundle temperatures were measured and are used to

validate the model.

A comparison De tw e en the measured and predicted circulating

fluid, tube bundle wall, and loop tube wall temperatures in the
source leg of the loop is given in Figa. 4.2 through 4.4. These

figures represent the transient tes ts for parallel-flow in the
heat source leg of the loop for the s ta r t-u p , step increase in

heating rate, and step decrease in heating rate conditions,

respectively. Similar results have been obtained for the
counter-flow arrangement. For each transient two separate panels
(for the sake of clarity) include measured and c4 1calated
temperatures vs. time. The lines denote the predictions and the
symbols denote the test data. The upper panel shows the

circulating fluid temperatures at the bottom (T ) and the top

(Tf2) f the tube bundle in the source leg. The working fluid

temperature at the outlet of the tube bundle (top of the bundle)
The lower panel shows a comparison of theis denoted by T 2

F i g . 4 .1 ) ,. 3 )
bundle (Tmeasured and predicted loop tube (T t3) and the tube

temperatures at the mid-height of the source leg (see

Figures 4.2 and 4.3 describe the behavior of the system for the

s ta r t-up transient. The loop was initially at ambient laboratory
conditions (with the fluid stagnant) before flow was initiated

i

| through the tube bundles in the source and sink legs of the loop.
As can be seen from the figure, after the initial transient of

about six minutes, the agreement between the predicted
circulating fluid temperatures T and T and experimental data

relatively kkrge diskrepancy initially is inis quite good. The
part due to the experimental difticulty in maintaining stable

flow at the inlet to the tube bundle in the source leg of the

|
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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

s teady-s ta te conditions were approached. First, it is clear from
the figure that the time cons tant of the transient has been

correctly computed by the model. Second, very good agreement has
been obtained between predicted and measured temperatures at

s teady state ( t % 30 min),
i

The good agreement netween measured and predicted circulating j
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
s ta te flow conditions (Gruszczynski and Viskanta, 1983) for use
to predict the transient behavior of a natural circulation loop.
The good correspondence between the measured anc calculated tube

sugges ts that three-dimensional effects
Yko)w

wall temperature (T
in the bundle are not very significantdue to mixing of the

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 between the measured and predicted containment
tube wall tempe ra tu re indicates that the heat losses from the
loop to the ambient were estimated correctly.

A comparison between the predicted and measured tempe ra tures at

the few selected locations in the source leg for the step
increase and decrease in heat addition to the loop transient are
given in Figs. 4.3 and 4.4, respectively. The agreement between ,

the two sets of results is even better than for the s ta r t-u p I

transient just discussed. The largest discrepancy is noted for j

the tube wall temperature for test PF-2 (Fig.4.3). The reason
for this is not clear as other temperatures show good agreement.
One finding which emerges from the results reported in Figs. 4.3
and 4.4 is the dif*erence in the time cons tan ts . The observed
behavior is that the time cons tant for test PF-2 (increase in

heat addition) is greater than for tes t PF-3 (decrease in heat
addition). This is associated with increasing and decreasing

sys tem tempera tures for tests PF-2 and PF-3, respectively. The
16fact that the mass flow rates for tes ts PF-1 and PF-3 at t =

min are practically equal to each other is only a coincidence.
The steady state is reached more rapidly in tes t PF-3 than PF-2
Decause 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 addition to the
system is inc r e a s ed .

Circula ting fluid flow ra tes 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 s ta r t-up and step increase in heating ra te tests there was a
sharp initial increase in the circulating fluid mass flow ra te tor

a value greater than the s teady-s ta te flow ra te and then a

40
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gradual decrease until s teady-s ta te conditions were reached. The
buoyancy driving force at the onset of flow is at a maximum
initially, since the temperature difference between 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 s teady-s ta te values, the tempe ra ture,

difference between the two legs decreases, thereby reducing the,

'

driving buoyancy force, and consequently the circulating fluid
mass flow ra te . Eventually, the tempera ture difference between
the tube walls and the circulating fluid stabilizes, thereby
s tabilizing the flow rate.

For the tes ts with a step decrease in inlet heating fluid
| temperatures there was a sharp initial decrease in the

circulating fluid flow rate followed by a gradual increase
towards the s teady-s ta te value. Again, this can be attributed to

i a sharp initial decrease in tempe ra tu re of the source leg tube
| walls resulting in a slight temperature difference between the
! tube walls and the circulating fluid. This causes the driving

buoyancy force to be very small. The cooled fluid entering the
! source leg produced a slight increase in the temperature
i 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 in this paper and some recent work (Zvirin and Rabinoviz,
1983; Zvirin et al., 1981) transient response of natural

| circulation loops has been analyzed using a one-dimensional
j model. Zviria et al. modelled the pressurized water nuclear

reactor loop, which is much more complicated than the one
considered in this paper; however, the model employed in this
paper is more realis tic in that each loop component is described
in greater detail and the fluid friction 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 main difference being that in the present system
the flow is stable whereas that of Zvirin et al. (1981) indicates
instabilities,

i

!
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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. Tes ts were
performed with bundles without and with grid spacers. Based on j

the experimental results obtained, the following conclusions can I

be drawn: I

l

e The heating conditions inves tiga ted resulted in stable
s teady-s ta te flows.

e The natural circulation flow longitudinal to the test gube
bundle was observed to be laminar when Gr < 4.8 x 10 or
when Re < 340. ADove these values, radial mixing of the
circulating fluid was observed. No recirculation of the
flow at any of the thermal conditions studied was observed.

* The frictional resiscance was determined to solely De a
function of the Reynolds numDer and was found to accurately
be predicted by forced flow re la tions .

i
e Heat transfer in the tube bundle was in a mixed-convection j

regime.
1

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

e The grid spacers used in this study (c = 0.24) had no

discernible effect on the fluid friction factors. However,
they were found to enhance 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 tes t loop was observed and
{ simulated. Based on the experimental and numerical results, the

following conclusions can be drawn:

e The one-dimensional model simulated reasonably well the
transient respose of a rectangular natural circulation loop
with tube bundles in its vertical legs. The fluid and
structural component temperatures in the source leg
predicted by the model agreed well with test data.
Circulating fluid flow rates were predicted also, but no
conclusions regarding the accuracy of these predictions

i

could be made because the ins tantaneous flow was not
measured directly. Moreover, the im p o r tan t features of the

transient s teady-s ta te behavior are depicted in the
numerical resuits, and the time cons tan ts are predicted
correctly. In general, at s teady-s ta te the predicted
temperatures agreed to within 10 percent of the experimental
results.
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* The good correspondence netween modei predictions and the
test data support the use of s teady-s ta te flow resistance

| and heat transfer coefficient correlations for transient
'

calculations for those conditions for which quas i-s teady
approximation can be justified.
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APPENDIX A

j _E_x p e r im e n ta l Data and Heat Transfer Results

The steady-state experimental data obtained during the tes ts on
tuce Dundies without and with grid spacers are tabulated in
Tables A.1 and A.2. The reduced heat transfer re s u l ts calculated
from the experimentai cata are ta bu la ted in Tacles A.3 and A.4.

|

u

i

i

4

I

1

49

___
___. _ _



.

.

Table A.1 Steady-state experimental data for tests on a tube
bundle without grid spacers.

_ _ _

2 T Tb ATt AT2 T, T,, T,gSet Q G $1 $ a

k) ks/=) (xs/=) (ks/=) Pc) ( c) Pc) Pc) Pc) ( c) Pc)
A-1 2. J1 .940 154 .047 50. 5 46.9 3.58 13.4 46.3 41. 9 40.1
A-2 2. 31 .040 .154 .047 49.5 46.0 3. 59 13.4 45.4 40.8 39.4
A-3 2.55 041 144 047 52.8 48. 5 4. 22 14.1 48.2 43.2 41. 2
A-4 2.55 .041 144 .047 52.9 48. 7 4.22 14.4 48.4 43 2 41.2
A-5 3.10 .046 .137 .047 56.8 51. 4 5.41 17.7 51.8 45.4 43.9
A-6 2.32 .040 154 .047 50. 2 46.6 3.61 13. 5 46.0 41.4 39.5 1.

A-7 2.13 .042 .135 .046 47.2 43.4 3.77 11.6 44.1 40.3 38.2
'

A-8 2.13 .042 .140 .046 45.6 42.0 3.64 10.9 42.6 38. 6 36.7
A-9 3.06 . 050 130 .046 51. 8 46.2 5.60 15.1 48.0 43.1 41.2

.

A-10 .815 ,023 149 .046 32.3 31.0 1.30 3.95 33.4 27.2 26.0
.

A-11 1.35 .033 .146 .046 37 8 35.6 2.20 6.49 35.2 31.4 29.9
A-12 1.49 .Q31 142 .Q46 42.6 40.0 2. 51 9.25 39.7 35.9 33.6
A-13 1.25 .030 .144 .044 38.9 36.8 2.08 7.55 36.6 33.3 30.8
A-14 1.38 .032 .143 .043 39. 9 37.6 2.31 9.01 37.6 34.0 30.8
A-15 .849 .025 .145 .044 33.7 32.3 1.39 4.89 31.9 28.8 26.6
A-16 3,32 , Q39 .140 . 045 36.2 33.6 2. 59 5. 89 33. 9 30.4 26.6
A-17 .879 030 .149 .045 30.4 29.0 1.40 3.23 28 2 24.5 23.4
A-18 . 715 .023 .144 .047 32.0 30.8 1.18 3.71 30.0 26.7 25.1
A-19 .966 .028 .126 .047 33.7 31.9 1. 83 4. 58 32.0 28. 5 26.7

3-1 3.10 .049 .154 .090 49.7 44.9 4.81 7.13 44.8 39.9 38.3

8-2 3.68 .053 131 .091 52.6 45.9 6.74 8.28 48.6 43.2 40.3
.

3-3 3.44 .051 135 .091 32.4 46.3 6.08 7.94 47.1 41.7 39.9
.

0-4 3.21 .052 .149 .090 49.0 43.9 5.15 7.45 44.2 39.3 37.8

G-3 2.60 .045 .140 .090 45.8 41.4 4.44 6.08 42.0 37.5 35.2

8-6 1.82 .034 .154 .090 42.2 39.4 2.83 3.03 38.2 33.7 31.1

0-7 .396 .012 .149 .091 26.8 26.2 .634 1.10 25.4 22.7 21.4

3-8 487 .016 .149 .090 28.2 27.4 .779 1.39 26.4 23.1 21.2

3-9 2.03 .041 145 .090 41.9 38.5 3.36 5.15 39.4 34.1 31.8

1 D-10 3 18 036 .141 .090 47.8 42.4 5.38 6.35 43.4 38.0 36.6,

3-11 3.66 .060 .142 .117 50.3 44.2 6. 15 8.16 46.1 39.9 38 1

3-12 4.22 .062 .126 .090 56.4 48.3 0.01 10.1 31. 1 44.8 42.8

3-13 4.43 .063 .126 .090 58.1 49.7 8.40 11.3 32.7 45.9 43. 5
B-14 1.15 .025 .154 .079 37.3 35.5 1.79 3.45 33.0 28.7 26.4

8-15 .878 .025 138 .088 31.9 30.4 1.52 2.36 33. 1 26.0 24.5

! C-1 1.67 039 154 .087 38.5 41.7 44.3 2.60 4.75 34.2 31.0

C-2 3 23 .035 130 .085 49.8 53. 7 59.6 5. 91 9.36 45.1 40.5'

C-3 6.91 100 .126 .065 61.8 67.0 80.1 13.0 20.1 54.6 51.3

C-4 1 79 .038 140 092 40.0 43.7 46.7 3.06 5.20 35.9 32.0

C-5 .906 .028 149 .096 28.8 30.9 32.4 1.45 1. 84 25.6 23.3

C-6 1.47 036 142 .096 34.7 37.6 40.1 2.48 3.22 30.6 27.5

C-7 1.82 .040 .135 .096 37.3 40.7 43.9 3.22 4.41 33.1 29.3

C-9 2.10 042 134 .096 40.8 44.5 48.2 3.74 5.17 36.4 32.4 i

C-9 2.06 .041 137 098 40.4 43.7 47.3 3. 58 5.05 36.2 32.2 l

C-10 2 41 .046 .145 .101 42.4 46.0 50.0 3.99 5.43 37.8 33.9 |
.

C-11 3.20 .056 .131 .088 48.3 52. 8 58.7 5.85 8.19 42.5 38.8 |
C-12 3. 29 .056 .140 .090 50.3 35.0 60.6 5.62 8. 70 44.5 40.3 i

C-13 .814 .026 .132 .087 29. 1 31.1 32.6 1.47 2.13 26.1 23.6 |

C-14 .874 .029 .154 108 27.6 29. 5 30.9 1.35 1.34 24.8 22.8 j
.

i
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Table A.1 (Continued)

D-1 1.03 .029 .093 .045 34.9 37.1 39. 8 2.65 5.97 31.9 29.3D-2 1.22 .034 .093 .045 36.0 38.5 41.6 3.14 6.29 32 7 30.1D-3 1.44 .039 098 .044 36.5 39.2 42.8 3.51 7.48 33.0 30 5
D-4 1. 54 .037 .093 .044 38.5 41. 9 45.9 3.95 8.49 34.6 31.9D-5 1.69 .040 .093 .044 40.4 44.1 49.4 4 33 10.1 35.6 32.6D-6 1.65 .038 .098 .047 41.2 44.7 48.7 4.04 9.14 36. 5 33.6
D-7 2.35 .045 .098 .047 47.3 51. 4 57. 1 5. 73 12.8 42.3 38.9
D-B 2. 66 .048 .098 .047 48 9 53. 1 59.6 6.49 15.2 43.9 40.2
D-9 2.62 . 031 .098 . 051 46. 5 30. 8 57.2 6.41 12.8 41.8 38.7
D-10 1. 53 .035 .088 .044 39. 8 43.0 47.2 4.15 8.65 35.9 32.8
D-11 2.30 .047 .093 . 044 45.1 49.2 55. 1 5.89 12.7 40.3 37.1
D-12 1.02 .028 .088 .049 34.0 36.7 39.4 2 77 5.17 30.8 28.2
D-13 1. 01 .029 .090 . 050 33.2 35. 7 38.4 2.70 4.60 30.3 27.8
D-14 . 757 .026 .090 .046 28.2 30.2 32. 2 2.00 3.12 25.6 23.6
D-15 . 716 .025 .092 .045 28.3 30.2 32.0 1. 86 2.97 25.4 23.2
D-16 .640 .023 .096 . 045 27.7 29. 2 30.8 1.60 2.76 25.0 23.0

E-1 3.30 .046 .091 .046 58.6 50. 0 8.68 17.9 52.9 45.9 45.5
E-2 4 89 .047 . 088 .046 75. 3 62.2 13.1 30.2 65.0 58.1 56.8
E-3 3.17 .043 . 098 .046 37.6 49.8 7.73 18.8 31. 3 44.2 44.8
E-4 2. 21 .039 .098 .046 47.9 42.5 5.40 12.9 44.0 39.5 37.7
E-5 1.88 .038 . 098 .046 44.1 39.5 4 6C 10. 6 41.0 37.0 35.4
E-6 1.00 026 .093 .046 35. 7 33.1 2 57 6.33 33.8 30.7 28 9
g-7 1.16 .031 .098 .046 35.7 32.9 2.84 6.06 33.6 29 6 28 6
E-8 785 .025 .093 .046 31.4 29.4 2.01 4.00 29.9 26 4 25 5
E-9 .461 019 .094 . 046 27.9 26.7 1.17 2. 51 26.3 23.3 22.9
E-10 . 539 .017 .093 .046 31. 2 29.8 1.38 3.84 29.6 26.9 25.9
E-11 2.05 .039 .091 .046 46.2 40.8 5.37 11.6 42.0 37.6 37 8
E-12 1.38 .034 .093 .046 38.9 35. 3 3.54 7. 71 36.3 32.5 32.1
E-13 1.81 .037 .091 .046 43.1 39 3 4.75 10.8 40.0 35.9 35.5
E-14 2.63 .042 .093 046 52. 6 45.9 6.75 15.3 48.3 43.3 41 0
E-15 2.91 .045 .093 .044 52.9 45.5 7.47 17.7 47.7 42.6 43.0
E-16 3.60 .046 .088 .046 60.4 50. 7 9.72 20.8 53.7 47.6 48 0

I g.g7 659 .023 .090 .045 30.2 28. 5 1.74 3.35 28.6 25.1 24.5
688 .022 .085 045 32.1 30.2 1.93 4.24 33.3 26.7 25.0E-18

|

F-1 477 023 158 044 25.4 26.8 27. 5 .719 2.12 23.0 21.4
F-2 .664 .023 .156 . 044 29. 2 30.9 31.9 1.01 3. 81 26.5 24 1
F-3 .815 .023 158 .044 31.5 33.4 34.6 1.22 4.92 28 8 26.3
F-4 .708 .029 .158 .044 28 2 29. 5 30.5 1.06 3.39 25.5 23.3
F-5 1.09 .031 .154 .044 33.8 36.2 37.9 1.70 6.78 31.0 28.2
F-6 1.56 .038 .159 .044 38.5 41.9 44.2 2.34 8.62 34.9 31.9
F-7 1.61 .040 .163 .043 39.1 42.3 44.6 2.36 6. 51 35.8 33.0
F-8 1.07 .032 .135 .047 32.7 35.0 36.9 1.89 4.29 29.6 27.6F-9 1.23 .033 .134 .050 34.8 37.4 39.6 2.19 5. 77 31.2 28.7
F-10 2.75 .053 .163 . 050 47 0 50. 8 54.8 4.02 13.2 42.0 38.8
F-11 2.90 054 .157 . 051 49 0 52. 9 57.3 4.42 14.5 44 0 40.5
F-12 3.50 .062 140 .032 52. 5 56. 8 62.8 5.97 16. 5 47.2 43.7

51
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Table A.2 Steady-state experimental data for tests on a tube
bundle with grid spacers.

_ _ _

Set Q G $1 12 T Tb OT1 AT2 T, T,, T,ga

hu) (kg/s) (A9/s) (kg/s) fd fC) fd fC) fC) ( C) (C)
|
|

I
CC-1 .586 .018 .275 .038 30.2 29.7 .309 4.26 28.3 25.3 23.4
CC-2 . 673 .019 .266 .041 31.6 31.0 .605 4.88 29.5 26.7 24.5 )
CC-3 .950 .026 .261 .039 33.1 32.2 .869 5. 58 30.7 27.6 25.9 !

GC-4 .963 .025 .252 .039 35.0 34.1 .914 6.59 32.3 29.4 27.3 |

CC-5 1.08 .027 .252 .039 36. 1 35.1 1.03 7.08 33.2 30.0 28.0 I
CC o 1.40 .033 .243 .038 37.8 36.4 1.38 7.78 34.6 31.2 29.7
GC-7 1.53 .034 .233 .040 39.6 38.1 1.57 8.87 36.0 32.7 30.9
CC-8 1.55 .033 .733 . 038 41.1 39.5 1.59 9.96 37.3 34 0 32.2
CC-9 2.05 .039 .224 .037 45.3 43.1 2.19 12.0 40.8 37.1 35.5
CC-1C 2.29 .04 .219 .037 46.1 43.6 2. 50 12.9 41.2 37.1 35.8
GC-11 1. 88 .036 .210 .056 46. 7 44.5 2. 14 10. 5 42.9 38.7 35.3
CC-13 1.96 .036 .194 .054 48.9 46.5 2.39 12.6 45.3 41.6 36.4
GC-1: 2.02 .034 .182 . 051 52. 7 50 1 2.66 15.6 48.0 43.5 38.9
GC-14 2.21 .036 177 .050 53 9 50.9 2. 98 16.5 48.9 44 4 39.5

.

GC-11 2.31 .037 .172 .050 SS 8 52.o 3.20 17.6 30. 8 45.9 40.9
CC-te 2.12 .035 .177 .048 54.2 31.4 2.86 17.1 49.2 44.5 40.2
GC-17 2.07 .036 .196 .048 51. 1 48.5 2.50 15.1 46. 6 42.6 38.3
CC-1E 2.05 .037 .205 .047 48.9 46.5 2.39 14.0 46.8 40.7 37.5
GC-19 2.09 .037 .205 .046 49.0 46.5 2.44 14.4 44.9 41.1 37.5
GC-2C 1.92 .036 .215 .044 47.4 45.3 2.14 13.6 43.6 39.6 37.1
GC-21 2. 23 .044 .229 .042 45 1 42.7 2.34 12.2 41.3 37.4 36 3
GC- : 1.85 044 .289 .046 36.9 35 4 1.53 6.88 34.0 30.7 29.8
CC-2: 1.89 04 .271 .042 39.1 37.4 1.67 8.81 35.9 32.7 30.3
GC-24 . 834 .023 .275 .039 33.1 32.3 .724 5.85 30.9 28. 5 26.6
GC-21. 667 019 .275 . 036 33.0 32.4 . 579 5.70 30.7 27.7 26.2
CC-24 .692 .021 .285 .042 30.7 30.1 .581 4.37 28.7 26.1 25.1
GC-27 .382 .012 .289 .042 29 7 29.4 .315 3.97 28.0 25.8 23.9

GC-21 657 .021 .294 .041 29. 5 29.C .534 4.00 27.8 24.8 22.9 1

GC-2q.488 .017 .232 .038 27.9 27. 5 462 3.40 27.0 23.2 22.9 |

CC-3C 402 .013 .247 .035 28.8 28.4 .389 3.95 27.2 24.9 22.7
GC-31 449 .015 .294 .027 28.4 28.0 .365 3.70 26.9 24.2 23.0
GC-3 .303 .011 .299 .034 26.5 26.3 .244 2.93 25.1 23.2 21.5
CC-3:.542 .020 .313 .039 27.0 26.6 .414 3.00 25.6 23.0 21.8
CC-34 770 .026 .303 .037 29 9 29.3 .607 4.24 28.2 25.0 23. 5 :

!

1
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Table A.2 (Continued)
t

t

.

D-1 1034. 6.58 173. 56.1 3.09 10.5 7.78 2.42 982D-2 1226. 7.23 207. 43.5 4.98 13 0 8. 59 2.75 1.04D-3 1441, 8.44 239. 29.9 4.93 15.6 7 92 2.85 .942D-4 1541. 7. 58 239. 33.6 4.72 17.9 8.67 3.63 .976D-3 1691. '?. 2 4 265. 32.3 4.55 20.9 10. 5 4.49 1.08D-6 1658. 7.15 253. 32.2 4.45 21.3 9.35 4.58 . 9 480-7 2350. 9.15 344. 2g. 4 3.37 38.3 15. 5 6.41 1.20
,

D-9 2664. 10.1 375. 29.1 3.73 46.3 18.9 6.96 1.36D-9 2627. 10.4 379. 22.1 3.93 41.7 14.7 6.02 1.16t-10 1539. 7.61 232. 43.0 4.57 18.9 10.7 3.73 1.11
D-11 2301. 9.01 341, 23.4 4.07 34.5 12. 5 5.79 1.06
D-12 1028. 6.61 166. 36. 7 5.21 10.1 7.20 2.33 .947
D-13 1019. 6.90 165. 51.6 5.31 9.71 6.52 2.16 .987D-14 757. 3.46 135. 54.8 5.98 5. 91 4.65 1.63 .782D-15 716. 5.34 128. 62.3 5.98 5.60 4.73 1.62 . 794
D-16 640. 4.47 117. 65.9 6.07 4.89 4.19 1.60 . 722

E-1 1677. 7. 54 251. 25.9 4.74 19.4 7.56 3.86 .839
E-2 3235 13.2 442. 28.9 3.64 58. 7 26.1 6.79 1.80
E-3 6916. 17.8 982. 8.39 2.92 182. 37.2 15 6 1.73
E-4 1795. 8.42 249. 45.4 4.56 22.1 13.0 4.01 1.34
E-3 906. 3.70 148. 48.9 5.94 7.16 4.94 1.88 .819
E-6 1477. 7.04 210. 38.6 5.19 14.6 7.89 3.09 1.02 i
E-7 1825. 8.37 249. 31.8 4.88 20.1 9.09 3.63 1.06
E-8 2104. 9.01 281. 34.5 4.48 26.7 12.5 4.41 1.26
E-9 2063. 9.53 273. 33.3 4.52 25.8 11.4 4.04 1.16

,

E-1C 2414. 9.88 316. 28.2 4.32 32.6 13.0 4.92 1.22 6

E-11 3202. 10.3 433. 18.2 3.81 53.6 15.8 7.73 1.18
E-12 3297. 10. 5 455. 17.1 3.65 39. 6 16.4 8 40 1.13
E-13 814 5.24 136. 49.2 5.88 6. 55 4.19 1.85 682
E-14 874. 6.35 146. 40 0 6.08 6.65 3.96 1.60 .684

F-1 4 /7. 3.92 109. 36.3 6.39 3 34 3.11 1 29 389
F-2 664. 4.75 122. 74 7 5.85 S. 39 5.15 1.68 . 831
F-3 815. 6.02 140. 66.3 5.52 7.29 6.03 1.84 .877
F-4 708. 5.02 150 35.9 5.99 5.52 5.82 1 60 .979
F-5 1095. 7.69 182. 55 5 3 22 10.7 8.48 2.17 1.11

- F-5 1560. 8.49 240. 45.9 4.69 18.3 12.2 3.27 1.34
| F-6 1613. 9.53 259 43 0 4 61 19.5 13 3 3 16 1 41

F-7 1073. 6.85 178 39.3 5.38 9.99 5. 74 2.18 .801
F-8 1234. 6.69 194. 33.6 5.15 12.4 5.86 2.80 . 754,

( F-9 2750. 10.4 398. 19 0 3.89 4 44 13.9 6.38 1.08
F-10 2904. 10.7 426 16.5 3.72 50. 7 13.8 7 00 998
F-11 3502. 12.2 526 11 9 3.45 69.6 15.2 8 49 956

|

|
|

|

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

Set Q RU As RxAg Pr Gr GrT Gr Tdriveo

(w) (x)D ) (x10) (x10)4 4 C

4-1 2310. 10.2 301. 33.3 3.93 36.7 13.9 5.53 1.10
4-2 2314. 9.67 295. 30.3 4.03 35.3 12.2 5.56 1.01
A-3 2558. 9.81 321. 35.0 3.79 43.3 16.6 6.67 1.23
A-4 2558. 9.49 320. 32.2 3.78 43. 4 15. 2 6.92 1.13

i A-5 3105. 8. 86 385. 23.0 3.55 58. 8 15.7 9.79 1.04 1

A-o 2326. 9.68 296. 32.1 3.97 36.3 12.9 5.75 1.04 |
A-7 2134 10.7 305. 29.7 4.11 31.4 12.7 4.38 1.10 |
A-6 2132- 10.3 293. 23.8 4 27 29.4 9.46 4.26 .872 1

4-9 2060. 11.2 391. 20.4 3 80 51. 5 14.4 6.67 1.08 |
k-10 615. 5. 50 126. 51.2 5. 70 69.1 3.79 1.98 .584 !

A-11 3251. 7.10 198. 30.8 5.11 13.7 5.61 2.99 .712
A-12 1494. 7.78 202. 44.0 4.58 18.3 8.28 3.65 .864
4-13*1258 7.33 188. 51. 2 4.90 13.7 8.39 2.83 .991
A-14 1387. 7 47 203. 47.1 4.81 15. 6 9.01 3.16 1 02 l

4-15 849. 5.61 138. 68.8 5. 50 7.64 6.05 2.12 .875 l

A-16 1520. 8.56 225. 32.4 5.25 14.7 7.55 2.67 1.00
A-17 879. 4.63 153. 40.0 6.06 6.72 4 34 2.18 .746
A-13 715 4. 52 120 71. 3 5 77 5.93 4.80 2.09 . 756

,

A-19 966. 5 42 155. 51. 3 * 50 8.67 5. 70 2.40 .826 |.

3-1 3304 8. 78 389. 21.9 3.49 64.4 15.3 10.8 .981
3-2 4t94. 13. 0 421. 30.7 2.76 142. 34.3 16.3 1.45
B-3 3172. 14. 7 347. 42.8 3.61 58. 2 23.8 10.4 1.62
3-4 2214. 8.98 282. 35.8 4.16 31.9 13.2 5.22 1.16
P-5 1887. 8. 89 254. 29. 6 4.45 24.3 8.84 4.03 . 875
3-6 1005. 6.12 155. 42.1 5.24 9.80 4. 66 2. 31 .619
3-7 1164. 3. P0 177. 31.2 5.32 11.0 4. 52 2.93 649
B-3 785. 4.52 135. 32.6 5.80 6. a6 2. 75 2.21 .438
B-9 461. 3_.63 91.1 69 4 6.30 3.30 2.65 1. 46 .489
P-10 539. 4.59 89.6 83.3 5. 79 4.45 3.08 1. 73 .488 |

P-11 2054 9 99 266. 29.4 4.36 (7. 3 9.63 4.53 .921
2-12 1383. 7.63 205 30.9 4.97 14.7 6. 00 3.11 . 725
B-13 1810. 9 05 246. 29.0 4.56 22.3 8. 13 3.93 .843
B'S 2633. 9.76 328. 24.8 3.78 44. P 12.3 6.69 .912
R-15 2916* 11.8 343. 27.1 3.84 49.3 14.7 6.68 1.11

I

C-1 3608 11. 9 397. 28 8 3.39 73.8 20 9 10.1 1.27
C-2 639. 4.08 119 63 0 5.99 5.13 4.14 2.06 .697
C-3 688. 3.87 119. 66.2 5. 75 5. 74 4. 28 2.30 .670
C-4 3102. 12.2 371. 26 3 4.10 45.8 14. 9 5.69 1.27
C-5 3686. 12.1 413. 19.8 3.77 62.8 15.6 7.44 1.15
C-6 3446. 11. 9 382. 22.7 3.91 55.4 15.3 6 94 1.20 I

'

C-7 3219, 12 5 368. 19 8 4.16 46.4 12.3 5 64 1.08
C-8 2604. 10.9 305. 24.2 4.36 34 6 10.3 4.77 .994
C-9 1822. 7 86 212. 45.1 4. 78 20.7 9.41 4.02 1.06
C-10 396. 3.17 78 0 122. 6.42 2.75 3.42 1.45 . 451
C-Il 487. 3. 0S 81 4 126 6.30 3.48 3.86 1. 82 .711 |

C-12 2031 8.99 255 26 2 4 75 23.3 7.89 3.96 .881
C-13 3181. 11.3 385. 17.6 4 27 43.9 12.2 5.83 1.12
C-14 3665. 11 3 441. 14.0 4. G3 55 7 12.6 7 39 1 05 i
C-15 4:23. 12.0 499. 18.4 3 60 77.9 21.2 9.30 1. 44 |

C-16 4431 11.7 52 5. 15 9 3 30 86.1 20 2 to 5 1 33 |'

C-17 1158 5 55 142 e4 3 5 43 to 6 7 83 3 04 1.10 1

C-18 870. 4 56 130 73.9 3.81 7.20 5. 79 2.54 924

|
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Table A.3 (Continued)

,

CP-1 963 .025 .299 .051 31.2 32.9 33.7 .771 4.88 28.8 25.2
CP-2 1.22 .034 .289 .048 32 1 34.0 35.0 1.01 5.53 29.1 26.9
CP-3 1.25 .033 .266 .041 33.9 36.0 37.1 1.12 7. 51 30.8 28.2
CP-4 1,48 .038 .261 .043 35.1 37.3 38.7 1.36 7. 80 32.0 29.5
CP-5 1. 58 .038 .233 .042 36.5 39.0 40.6 1.59 8.75 33.3 30.6
GP-6 1.66 .039 .224 .042 38.0 40.6 42.4 1. 78 9.75 34.4 31.5
CP-7 2.01 .045 .210 .040 40.1 43.1 45.4 2.29 11.7 36. 6 33.9
CP-8 2.04 .044 .205 .040 41.6 44.7 47.1 2.38 13.1 37.8 34.5
CP-9 2. 57 .051 .186 .036 44.1 47.5 50. 0 3.30 15.5 40.0 37.2
CP-1C 3. 00 .056 .172 040 47.7 51. 7 55 9 4.15 18.0 43.1 40.1
CP-11 3. 02 .057 .373 .040 47.8 51.8 56. 0 4.18 18.3 43.1 40. 1
CP-1: 3.30 .061 .182 .046 48 3 32.5 56.9 4.33 16.9 43.6 40.3
GP-10 3. 35 .062 .386 '.045 47 4 31. 7 56. 0 4.29 16.1 42.9 40.2
CP-14 3.10 .058 .187 .044 46.7 50. 6 54. 6 3.98 15.6 42.4 39.5
CP-12 3.15 .041 .192 .044 45.9 49.9 53. 8 3.94 15.7 41. 4 38.4
CP-14 2. 61 .052 .205 .043 43.8 47.3 50. 4 3.04 13.7 39. 9 37.0
GP-17 2. 53 .052 .215 .040 43.0 46. 3 49.1 2.81 14.0 39. 2 36.6
CP-It 2.18 .046 .224 .039 41.1 44.2 46. 5 2.33 12.9 37.4 34. 8
CP-112. 21 .049 .233 .034 40.7 43.7 46.0 2.26 12.5 37.2 35. 2
CP-2C 1.72 .039 .243 .034 39.8 42.7 44.4 1. 70 11.8 36.4 33 9
CP-21.544 .023 . 280 .042 24.2 25.3 25. 7 464 2.23 21. 9 20.7
CP-2; 1. 79 .043 .261 .036 37.9 40.4 42.1 1.64 10.1 34 5 32.2
CP-2 1.72 042 .271 .037 37.1 39. 6 41 1 1. 52 9.55 33.9 31. 8
CP-28 .804 .025 .294 .046 ??. ~ 30.7 31.3 .653 4.01 26 7 24.6
CP-21.939 .C31 .299 . 045 28 4 29.9 30.7 .751 3.84 26.0 24 5
CP-24.883 .032 .289 042 26.9 28.4 29.1 . 729 3.38 24 6 23. 5
CP-27 1.11 .032 .252 .040 32.3 34.6 35.6 1.05 6.17 29.6 27.4
CP-2E .469 .019 . 274 .039 25 5 26.7 27.1 414 3.13 23.6 21.9
CP-29 . 784 .028 f.&6 .037 27.5 29.0 29. 7 .704 4.02 25.2 23.3
CP-3C.394 016 .275 051 24 1 25.2 25.5 .342 2.06 22.6 20.6
GP-31 649 .023 . 266 .049 27.0 28.6 29.1 .593 3.21 24.7 22.6
GP-3: .607 .023 . 271 .050 26.3 27.5 28.1 .536 2.83 23.5 21 7

f CP-3: 936 030 .264 050 28 4 29 7 30.6 .849 3. 30 25.9 24 7
CP-34 497 .018 .271 048 25 9 27.1 27.5 .438 2.68 24.1 22.2

,

l CP-31.881 .032 271 .046 27.1 28.5 29.3 .778 3.30 24.4 22.6
1 GP-34.945 033 .266 .043 27.9 29.3 30.1 .849 3.00 25.7 23.6

CP-37 572 .023 .280 .041 24.9 26.0 26.5 . 488 2. 66 23.3 22.2

|

i
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Table A.4 Steady-state heat transfer results for tests on a tube
bundle with grid spacers.

|

Cr TdriveSet Q E Am RxAf mPr Cr GET

(w) (x]Q ) (x10 ) (x10 ) *C4 4

CC-1 586. 3.57 93.7 78.7 6.00 4. 56 3.18 1.81 .537
GC-2 673. 5. 13 102. 78 8 5.81 5. 52 3.82 1. 71 .610
CC-3 950. 6.27 141. 50. 4 5. 66 8. 14 4.64 1.99 .707
GC-4 963. 6 92 139. 64.5 5.43 8.85 5.76 2.05 .815
CC-5 1088. 6.76 154. 52. 5 5.37 10.3 5.77 2. 31 . 789
GC-6 1409. 8.29 196. 31. 5 5.16 14.1 5.63 2.58 .727
GC-7 1537. 9.34 20a. 39.3 4.98 16.3 7.68 2.73 .931
GC-8 1556. 9.56 205. 46 3 4 81 17.5 8.99 2.89 1.02
GC-9 2058. 10.9 265. 34,7 4.45 26.5 11.2 3.79 1.11
GC-10 2295. 10.9 283. 34 9 4.43 29.8 12.9 4.17 1.27
GC-11 1884 8.54 252. 35. 5 4.26 26.1 to 4 4.61 .955
GC-12 1963. 10.1 263. 46.2 3.99 30.3 14.7 4.60 1.20
GC-13 2024. 8. 72 263. 58.9 3.78 34.4 18. 9 6.04 1.40
GC-14 2211. 9.30 286. 44.6 3. 71 38.8 16.8 6.38 1.20
CC-15 2314. 8.95 302. 45. 7 3.57 43.3 19.2 7.32 1.28
GC-16 2123. 8.64 279. 60.0 3.69 37.6 21. 5 6.59 1.52
GC-17 2071. 10.3 271. 57. 2 3.09 33. 5 19.4 5.05 1. 51
GC-18 2057. 9. 53 273. 37.4 4.04 30.9 12.8 4.90 1.08

r CC-19 2097. 10. 8 275. 45.6 4.04 31.8 15.8 4.55 1.32
GC-20 1923. 9.46 258. 36.2 4.18 27. 5 11.1 4.52 .990

' CC-21 2238. 11. 4 295. 22.0 4.40 29.3 8.83 3.98 .861
GC-22 1857. 11.4 255. 23. 7 5.23 18.1 7.16 2.47 .947
GC-23 1893. 11. 9 258. 25.5 4.98 20.1 7.87 2.64 .955

,CC-24 834. 7.26 124 64.9 5. 58 7. 31 4. 59 1.66 .683 '

CC-25 667. 4. 68 103. 81.2 5.65 5. 71 4.00 1.97 .608
CC-26 692. 5.67 110. 55.8 5.91 5.52 3.12 1.57 .513
GC-27 382. 4.13 61.9 164. 5.98 2.98 2.91 1.26 489
GC-28 657. 4.31 107. 58.O 4.07 5.00 3.11 1.70 .537 ICC-29 488. 3.54 84.7 81. 7 6.25 3.54 2.70 2.08 490
GC-30 402. 4.10 67.7 119. 6.11 3.04 2.52 1.29 .440
GC-31 449. 3.61 77.0 125. 6. 19 3.31 3 43 1.48 .612
GC-32 305. 3.75 55.3 211 6.40 2.13 2.98 1.02 .564
GC-33 542. 4.14 98.0 44.2 6.38 3. 81 1.95 1.36 .368
GC-34 770. 4.50 132. 37.9 6.03 5. 93 3.08 1.89 . 524

I
.
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Table A.4 (Continued)

GP-1 963. 7.98 139. 99.1 S. 54 8. 56 8.84 1.61 1.29
GP-2 1222. 7.60 190. 27. 5 5.45 11.1 4.60 2. 12 .657
GP-3 1253. 8.12 193. 29.8 5.23 12.2 5.12 2.28 .678
GP-4 1489. 9.38 224. 19.0 S. C 8 15.3 4.42 2.46 .S55
GP-3 1588. 9.89 234. 33.9 4. 91 17.3 8. 59 2.67 1.01
GP-6 1668. 8.83 250. 22.6 4. 76 19.1 6. 55 3.24 .732
GP-7 2013. 11. 3 299. 22.6 4. 51 25.3 9.33 3.42 .949
CP-g 2043. 10.2 298. 24. S 4.37 27.1 10.1 3.99 .968
Cp-9 2578. 12.2 369. 19.2 4.13 37.7 12.1 4.64 1.04
CP-10 3003. 12.4 430. 17.4 3. 82 50.2 14.9 6.08 1.12
Cp-g1 3020. 12.2 436 17.9 3. 81 50. 6 15. 7 6.20 1.18
Cp-g= 3302. 13.0 473. 14.6 3.77 56.4 15.1 6.42 1.11
GP-13 3356. 13.8 475. 14.9 3.84 35.5 15.6 5.98 1.18
GP-14 3108. 13.9 441. 16.3 3.89 S0. 2 14.6 5.47 1.14
GP-15 3153. 13.3 454. 17.9 3.97 49.2 17.0 5.56 1.37
Cp-gg 2616. 12.7 372. 19.9 4.15 37.9 12.7 4.48 1. 11
GP-g7 2330. 12.7 363. 18.0 4.23 35.5 10.9 4. 18 . 994
GP-18 2187. 11. 3 311. 22.2 4.42 28. 5 9.94 3. 71 .973
GP-19 2211. 11.9 324. 20.3 4.44 28.5 9.82 3. 56 .972
GP-20 1728. 9.81 235. 30.7 4. 54 21. 5 9.24 3.31 .950
gp-=g . 544. 4.23 109. 26.9 6. 58 3.63 1.48 1.16 .295
GP-22 1791. 9.98 274. 21.1 4.75 20. 5 7.33 3.05 .819
GP-23 1724. 10. 7 265. 21. 6 4. 84 19.2 7 01 2.72 .808
GP-24 804. 5.97 131, 44. 9 5. 83 6. 56 3. 59 1.52 . 576
CP-25 939. 7.49 160. 27,3 5.94 7.42 3.24 1.47 .538
GP-26 883. 7.73 157. 25.4 6.16 6 38 2. 91 1.28 . 515
GP-27 1114. 7.88 176. 36.8 5.41 10.3 5.27 1.97 .742
Cp- 8 469. 5.37 89. 8 31.9 6.33 3.33 1.18 1.01 .220

; GP-g, 784. 7.05 139. 35.9 6.04 5. 99 3.20 1.32 . 551
Cp.30 394. 5.67 79. 1 78. 5 6.53 2.66 2.26 0.79 .443
GP-31 649 3.85 114. 48. 7 6. 14 4.06 2.92 1.29 . 314
GP-32 607. 4.05 110. 36. 5 6. 28 4.37 2.07 1. 51 . 379
Cp-33 936. 7. 90 157. 27.7 5. 94 7.39 3.17 1. 51 . 326
GP-34 497. 3.90 89. 6 43.5 6.27 3. 59 1.68 .965 .307
GP-35 881. 6.26 I SS. 23.2 6. 15 6. 56 2. 70 1. 49 .477
Cp-34 945. 8.31 167. 23.1 5. 99 7. 36 3.27 1.13 . 551

{
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circulation Icop. Based on the steady-state data obtained, empirical correlations
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