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Abstract

A 19-pin wire-wrapped vertical rod bundle was designed and built in
order to perform pressure drop, heat transfer, velocity and temperature
measurement experiments under low Reynolds mixed convection flow con-
ditions. The mixed-to-forced friction factor ratio data was signifi-
cantly lower than the corresponding circular tube or the 91-pin wire-
wrapped rod bundle data found in the literature. An instrumented rod (IR)
was designed and built to allow detailed wall temperature measurements at
any axial or peripheral location of the IR wall. Based on the IR data,
the Nusselt number as a function of the ratio of Grashof to Reynolds
number was estimated.

Three-dimensional flow hydrodynamic resistance models for rod bundles
were developed. These models specifically account for the presence of the
wire-wrap spacer and may be used for any lumped parameter thermo-hydraulic
analysis numerical program. Attribute functions were developed to incor-
porate these models in the ASFRE subchannel analysis code for the par-
ticular case of Az (axial size of the numerical mesh) equal to H/12 (H is
the wire-wrap lead length).

Subchannel velocity and temperature data were obtained at the exit
region of the 19-pin bundle. These data may directly be used for valida-
tion studies of lumped parameter numerical programs. It was found that
the subchannel temperature profiles tend to become flatter with increasing
buoyancy forces. It was also found that for isothermal laminar flows in
the 19-pin wire-wrapped bundle, the edge flow split parameter was approxi-
mately equal to 1.12.

Validation studies for the hydrodynamic resistance models were also
performed. The models were tested against our subchannel velocity and
temperature data plus other data available in the literature. Overall the
models performed satisfactorily predicting the most important qualitative
trends for flows in wire-wrapped bundles. It was found that the s/k
subchannel analysis parameter plays an important role in correctly
modeling the transverse velocity field.
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CHAPTER 1

INTRODUCTION AND MATHEMATICAL FORMULATION OF THE

MIXED CONVECTION PROBLEM

1.1 Introduction

Understanding of the buoyancy driven or buoyancy dominated flows in

energy exchanging industrial components (nuclear reactors, heat

exchangers, passive solar systems) is becoming increasingly important.

Such conditions arise when at a given component the heat input-to-flow

rate ratio increases to a point where local buoyancy effects drastically

alter the structure of the flow field, rendering forced convection heat

transfer and pressure drop correlations inaccurate. Safety considerations

associated with buoyancy driven low flow transients in both thermal and

Fast Breeder reactors as well as design considerations for industrial and

power generating equipment have triggered a number of analytical, com-

putational and experimental studies of mixed convection flows in vertical

ducts. Most of these studies are concentrated in circular tube geometry

whereas the rod bundle geometry has receive considerable less attention.

In this work we are primarily interested in geometrical and flow

characteristics which arise in Liquid Metal Fast Breeder Reactor cores

under natural circulation transients. The Reynolds number in the core is

expected to range between 1,000 and 5,000 and the heat input is considered

to be equal to the residual heat (- 6% of nominal reactor power). Such

transients are expected to occur during loss of pump power or pump seizure

accidents. Natural circulation is expected to occur due to temperature
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differences between the heat exchangers (heat sink) and the reactor core

(heat source).

The scope of the present work includes the following:

(a) Study the fundamental characteristics of mixed convection low

Reynolds flows in rod bundles.

(b) Develop a numerical program to be used as a design tool for wire-

wrapped rod bundle thermohydraulic analysis under the above conditions.

(c) Experimentally obtain a set of data to be used for calibration

and testing of the above program.

(d) Initiate validation/calibration studies for the numerical

program developed in this work.

Next some of the most fundamental mixed convection phenomena and the

relevant terminology are presented.

1.2. Terminology Definition and Mixed Convection Fundamental

Characteristics

The terms forced, mixed, and natural (or free) are commonly used in

the literature together with the nouns circulation or convection.

However, in most cases no distinction is made about the scale of the

experiment i.e. global or local. To explain these terms refer to Figure

1.1. In Figure 1.1. (a), the pool of liquid is initially at rest. If the

tube is heated, the average density of the liquid in the tube decreases.

This reduced density causes an increase in the buoyant force and the fluid

tends to rise and pass out the top of the tube where it mixes with the

large mass of the unheated surrounding fluid. This type of flow will be

called natural circulation (also called free convection).

If the surrounding fluid is replaced by the cooler piping
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system and pump shown in Figure 1.1 (b) and the cooling and pumping rates

are controlled to maintain the temperatures ta and t e, conditions are

unchanged inside the pipe. This situation will be called mixed

circulation.

In a global sense, there is an important distinction between these

two conditions. In natural circulation, for a given heating rate in the

tube, there is a unique flow rate established, which is such that the

pressure drop through the tube is exactly balanced by the net buoyant

force. In mixed circulation, there is freedom to adjust the pump flow

rate to any desired value. Of course, when the flow rate is changed, the

heat transfer rate must be changed in order to keep ta and t unchanged.

The buoyant forces still exist, regardless of the flow rate, but only one

flow rate corresponds to the natural circulation situation.

In a local (subchannel) sense though, at a certain axial level the

flow is not dependent upon the global mechanism of circulation. Local

balance of the buoyancy, viscous and inertia foces will determine whether

the buoyant effects are important (mixed convection) or not (forced

convection).

The situation in which the buoyancy effects are not important in a

global or local sense will be called forced circulation or forced convec-

tion respectively.

Note that in recirculating flow systems, like those of Figure 1.1 (a)

and 1.1 (b), there is always some flow going through the core, as long as

some external cooling takes place. However, in some exotic scenarios the

recirculation in the loop of Figure 1.1 (b) could be completely inhibited.

In that case the flow will recirculate within the heated tube or rod
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bundle. This case is commonly called natural circulation (or convection)

in enclosure.

Next the most important effects of mixed convection flows on both

pressure drop and heat transfer characteristics are briefly examined.

The term aiding flow indicates the fact that the buoyant flow is con-

current with the pumped flow (i.e., upward flow in heated channel, down-

ward flow in cooled channel). Exactly the opposite is meant by the term

opposing flow.

Figure 1.2 shows qualitatively the velocity profile in vertical

parallel plates under both foced convection (FC) and mixed convection (MC)

conditions. Aiding (AF) and opposing (OF) flows are shown in Figures

1.2(a) and 1.2(b) respectively. Assuming that the mass flux remains

constant and for increasing the heat flux, a smooth transition occurs from

the FC to MC situations.

For AF, the velocity profile becomes steeper at the wall region, and

depending on the magnitude of the ratio "/n, a second velocity peakw

toward the heated walls might occur. Due to the increase of 3u/Dz wall'

the friction factor f will increase too. The laminar heat transfer (Nu

number) will be also augmented. This is due to the fact that the heat

transfer coefficient is in general determined by two factors: the velo-

city and heat diffusivity distributions in the fluid. For laminar flow,

the diffusivity remains constant but the velocity increases at the wall

region. The higher the velocity close to the wall, the higher the

resulting heat transfer coefficient (see Chapter 4 for Nu number behavior

in turbulent mixed convection flows).

Exactly the opposite phenomena occur for laminar OF. Note that the
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steeper the velocity profiles become, due to buoyancy effects, the more

imminent is the onset of instability and transition to turbulence. On-

set of instability maps are therefore needed to establish the region of

validity of the laminar MC analyses.

1.3 Statement of the Problem

In this work the following Tasks were set forth and accomplished.

Task I Fundamentals of Low Flow Mixed Convection in Rod Bundles

(a)The non-dimensional differential conservation equations and the

boundary conditions are formulated and the dominant dimensionless parame-

ters for developing and fully developed flows are identified. Also

generalized expressions for friction factors and heat transfer coeffi-

cients are developed (Chapter 1).

(b) A 19-pin wire-wrapped rod bundle is designed and constructed such

that it allows detailed measurements of subchannel velocities and

temperatures (Chapter 2).

(c) Isothermal and mixed convection pressure drop data are obtained

for low Reynold's flows in both bare and wire-wrapped rod bundles. For

these data, a systematic measurement procedure is developed in order to

minimize uncertainties due to uncontrollable temperature variations

(Chapter 3).

(d) An Instrumented Rod is designed and constructed in order to per-

form detailed temperature measurements at the wall of a heated rod. Mixed

convection Nusselt number data are also obtained (Chapter 4).
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Task II Subchannel Analysis for Wire-Wrapped Rod Bundles

(a) The applicability of the subchannel analysis approach for thermo-

hydraulic analysis of wire-wrapped rod bundles is qualitatively and quan-

titatively considered. The advantages and limitations of the subchannel

analysis versus the porous body approach are also examined (Chapter 6).

(b) Flow resistance models for flows of arbitrary direction in wire-

wrapped rod bundles are developed (Chapter 7).

(c) The above resistance models are incorporated in a subchannel

analysis numerical program (ASFRE). Special geometrical pattern

identification attribute functions are developed for this purpose

(Chapter 8).

Task III Data Base for Code Validation

(a) A Hot-film Anemometry technique is developed to perform subchannel

axial velocity measurements in the wire-wrapped bundle. Velocity profile

and flow split data are obtained (Chapter 5).

(b)Subchannel temperature data are obtained under low Reynolds mixed

conveciton flows and power skew conditions in the 19-pin wire-wrapped

bundle (Chapter 5).

Task IV Preliminary Code Validation Studies

(a) The flow resistance models in the code are tuned and tested

against velocity data of Task III (laminar flows) and other data available

in the literature (Chapter 8).

(b) The code is also tested against the mixed convection temperature

data presented in Task III (Chapter 8).
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1.4 Mathematical Formulation of the Mixed Convection Problem

1.4.1 The Governing Equations

In this section the dominant non-dimensional parameters of the problem

are derived, based on the governing differential conservation equations

for mass, momentum and energy: (incompressible form)

Continuity: V / = 0 (1.1)

D+

Momentum: p =V-= p + P / + (1.2)

Energy: p c9 = k V2T + po + W (1.3)

where = body force per unit volume

wD = rate of energy increase per unit volume by viscous

dissipation.

W = rate of energy generation per unit volume.

When the gravitational force is the only form acting on the system the

body force term can be represented as:

= z = Tg0 (1.4)

where the minus and plus correspond to aiding and opposing flows respec-

tively and is the unit vector along the vertical direction. Using the

Boussinesq approximation, all physical properties may be considered to be

constant except p which satisfies the following relationship:

p = p0 (1 - (T - T )) (1.5)

where T is some reference temperature.
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Let p0 , 03i0, k0, C represent the characteristic reference magnitude

of the corresponding property. Let the average velocity V0, the

hydraulic diameter De and (T1 - T0 ) represent some characteristic scales

of the system.

The temperature T0 is usually taken approximately equal to the film

temperature (Tw + Tm)/ 2 , where Tw is the average wall temperature and Tm

is the mean temperature of the fluid. In practice the film temperature

is not "a priori" available and therefor8 T can be only approximately

estimated. Alternatively the inlet temperature may be used as T . The

following dimensionles variables are defined:

* z
dimensionless distance: z = (1.6)

dimensionless velocity: ' = = (u*, v*, w*) (1.7)
0

dimensionless pressure: p* E p 2 (1.8)

0 V0

t V
dimensionless time: t* e 0 (1.9)

T -T
dimensionless temperature: T* T - T(1.10)

dimensionless density: p* (1.11)

dimensionless viscosity: P* = (1.12)
P 0o
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c
dimensionless specific heat: c* =

p c
(1.13)

0

Writing equations 1.1, 1.2 and 1.3 in dimensionless form and using the

Boussinesq approximation yields:

V* /* = 0 (1.14)

D* + = p* +L1V*2 1* Gr AT T* 1
Dt* = Re * + T* -Fr) (1.15)

D* T* 1 V* T* + De W + -Ec 0(.6
Dt* Re Pr (T 1-T0) p c V Re (1.16)

where again the minus and plus in the momentum equation correspond to

aiding and opposing flows respectively.

In the above dimensionless equations five dimensionless numbers

arise:

Reynolds number:

Grashof number:

Prandtl number:

Froude number:

SV
Re = Po De 0

110

GrA =

g p2 (T - T ) De3

0 1 0
2

P 0

c

Pr = P
0

V 2
Fr = g De

Neglecting the heat source and viscous dissipation, the energy equation

1.16 becomes:

(1.17)

(1.18)

(1.19)

(1.20)

D
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D* T* 1 v*2 T*
Dt* Re Pr

and therefore the dominant dimensionless groups are the following:

G rT
Re, - , Fr, Re Pr

R9

We now turn our attention to fully developed laminar mixed convection

flows in vertical direction. Then the momentum and energy equations are

written as follows:

-+- ) = 0 (1.22)

dz* Re_2_Fr

Re

eT* 1 2 (1.23)* _ Re Pr V* T*

1.4.2 The Axially Constant Heat Flux Boundary Condition Case

Let Ac be a two-dimensional domain on a horizontal plane

enclosed by the boundary S. The domain Ac represents the cross-section

of the duct, on which equations 1.22 and 1.23 will be integrated.

The boundary surface S is composed from two parts; S and S which

represent the wall-fluid and the fluid-fluid interfaces respectively.

The constant heat flux boundary condition can be written as follows:

q= 0 (1.24a)
z S w

thus " 1 dS = constant (1.24b)w w w w
w

The wetted perimeter,where P w S dS :



30

and q" is the local heat flux at a point of Sw. For the constant heatw

flux case from a heat balance obtain:

DT* 4 qw De
3 = PrRe = const. (1.25)

In order to further simplify equation 1.23 introduce a new dimen-

sionless temperature 6*:

6* = Re * (1.26)
Re Pr -F

Using equation 1.25, 0* can be written as follows:

(T - T0 )
6* =0 (1.27)

4 q" De/kw

Equation 1.23 is then written as:

V*2 6* - w* = 0 (1.28)

The momentum equation can also be written as:

V*2 w* + 4 = - Re ( - -- ) (1.29)Re dz* F

A new form of the Grashof number arises in equation 1.29

2. P " D~

Gr o w e Re Pr 3T* Grq 2 kAT (1.30)

where I" is the wall heat flux (for aiding flows).w

The right hand side equation 1.29 can be further analyzed as follows.

From a force balance in the axial direction obtain:
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4 w = - T pg] (1.31)

where T is the average wall shear stress and - and + signify the upward
w

or downward flow directions respectively.

Since

Tw p- f~ S wall dS (1.32)
w w 3n

where n is a horizontal unit vector normal to the duct wall, and Pw is the

wetted perimeter,

then wall dS = d + pg] (1.33)
w w an

Expressing 1.33 in dimensionless form:

4 r aw dS dp* -1 (.4
Re S A wall P [z* Fr] (1.34)

w an w

Substituting equation 1.34 into 1.29 obtain:

V*2 w* T 4 j * = 4 fwall (1.35)
Se S an *

From equations 1.35 and 1.28 we observe that the only dimensionless

number left is the Gr /Re parameter, arising in the momentum equation

1.35. Note that the energy equation does not depend on any dimensionless

number. The Gr /Re parameter physically represents:

Gr
(Buoyancy Forces) (1.36)

Re (Viscous Forces)

We turn now our attention to the specific velocity and temperature boun-
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dary conditions to be applied. For the dimensionless velocity w* two

kinds of B.C.s on S f and Sw may exist:

W* = 0 (Dirichlet) (1.37)
w

Dw*
or = 0 (Neumann) (1.38)

3-n* Sf

The boundary conditions for the dimensionless temperature 6* are of the

Neumann type:

0 (1.39)

qT 9 De q"1 De q"1
^ * w T- T) k(T 1 - T) -4

Sw

or -- 4- (Neumann) (1.40)
9 n* w -

q w

From equations 1.37, 1.38, 1.39 and 1.40 it is observed that the

boundary conditions for velocity and temperature depend only on the

geometrical characteristics of the duct and the shape function q"/q .

It can be concluded therefore that the only dimensionless parameter

arising in the conservation equations and their boundary conditions is

Gr /Re.
q

1.4.3 The Axially Constant Temperature Boundary Condition Case

The constant temperature B.C. is defined as follows:

let Tw = F S T S d~w (1.41a)
w w w



=Wthen = 0

For fully developed temperature conditions it is well

where

know that:

T w -T+
T T

fA w T dAc

m JA w dA
ACc

and r* is a dimensionless location vector. For the constant temperature

boundary condition, differentiating 1.42 take:

=T f(r*) T

T* DT*
or r= (7*)

Substituting 1.45 into the energy equation 1.23 obtain:

3T* 1 V*2 T*
w*f(r*) 3z* = RePr,

In addition:

m w w kn w
3 m C m C

p p

aT*
m 4

a Z Re Pr

ST*

T1*

k(T - T )

m C De
p

dS

S Fw w

Substituting equation 1.47 into 1.46 obtain:
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(1.41b)

[R-7]

(1.42)

(1.43)

(1.44)

(1.45)

(1.46)

or

. T*

w T1*
S
w

dS
w

(1.47)
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dS
T* = 4f(r*) w* (1.48)

w T* w w

Again the energy equation is independent of any dimensionless param-

ter. From equations 1.22 and 1.34 the momentum equation becomes:

2 Gr dS 1.4)w
*w* Re T* = 4 aAS(1.49)

w n w w

The temperature B.C.s are:

T - T
T*S W 0 (Dirichlet) (1.50)

w Tw -To

or = 0 (Neumann) (1.51)
3-n* w

In summary, the only dimensionless parameter in the constant

temperature B.C. case is Gr AT/Re. The temperature and the velocity

solutions depend also on the duct geometry and the shape function

(Tw- T 0)/(T w-T) .H
w

1.4.4 Friction Factors and Nusselt Numbers

The friction factor is given from:

dPf 2 =dp* 1 dA 2

f = dz -2 dz* Fr A W* A (1.52)
pOw c c

or using equation 1.34:

f = (1.53)
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dS dA 2
where K = 4 ) (1.54)w 3 T* w w C C

For isothermal flows the momentum equation term that includes the Gr /Re

(or Gr /Re) parameter drops out. In that case the velocity w* and con-

sequently the parameter K are functions of the duct geometry only.

K
then f =0 (1.55)0 Re

where f is the isothermal flow friction factor. From equations 1.53 and

1.55 take:

f/f =K (1.56)
0

where K is given from equation 1.54. As discussed in the previous

paragraph the velocity field w* depends on the Gr /Re (or Gr /Re) para-

meter, the duct geometry and the B.C.'s for heat flux (or temperature).

Consequently the parameter K and the f/f ratio are functions of the same

parameters only. Note that in forced convection, K E K and therefore

f _= f.

The Nusselt number can be written as follows:

k(T - T)
1 _ w m (1.57)

a" De

For the constant heat flux case:
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1 dS
4 _ 3 (6* - ) - (1.58)

w w

For the constant temperature case:

1 1 - T*

=*dS (1.59)Nu @T* wS

w ar*w

f w* T* dA*

where T* = c * (1.60)m - Aw* dA*
Ac c

In summary observe that for fully developed mixed convection flows

the parameters f/f and Nu depend on the following parameters:

constant heat flux constant temperature

B.C. B.C.

Gr /Re GrA /Re

Duct Geometry Duct Geometry

/I s (Tw -To) / (T T )I sw w1Sw-

In the case of forced convection fully developed flows the Gr /Re
q

(or Gr AT/Re) dependency drops out. In the case of developing mixed

convection flows or turbulent mixed convection flows, the Reynolds

number Re as well as the Prandtl number Pr become of importance too.
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CHAPTER 2

THE EXPERIMENTAL APPARATUS

2.1 Introduction

As stated in Chapter 1, the test section should provide two

kinds of data namely (a) low Reynolds pressure drop and heat transfer

coefficient data and (b) subchannel velocity and termperature field

data to be used for calibration/validation studies of thermo-hydraulic

numerical programs. The following design goals were set:

(a) Design a versatile/multi-purpose test section which could be used

to obtain the above data as well as other kinds of data (swirl flow, onset

of flow recirculation).

(b) In particular, for the required subchannel velocity and

temperature data, it was decided to perform such measurements at the exit

region of the test section. This was made possible by designing a

waterproof support system of the heated rods such that the power wire end

of these rods was placed at the bottom of the test section. In addition

it was also decided that the scale of the experiment should be large

enough to allow detailed measurements at the subchannel level.

(c) Finally as a third design goal it was required that maximum use

should be made of equipment and facilities available at the

Thermohydraulics Laboratory. The following equipment/facilities were

used:

* A hexagonal housing, lower plenum and upper plenum. (see Figure

2.1). The flat-to-flat distance of the hexagonal test section is

4.336" and the total length 64".
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* Twelve sets of autotransformer variacs, Amper-meters and Volt-

meters, capable of driving 2KW of power per variac.

* A water loop providing filtered degassified water at ambient

temperature. Maximum volumetric flow rate of the loop is 4.34 x

104 m3/sec.

Based on the above design goals the following decisions were made at a

very early stage.

(a) Build a 19-pin wire-wrapped bundle (as opposed to a 37-pin

bundle). The rod diameter D was selected equal to 0.745" and since the

flat-to-flat distance DF equals 4.336", the pitch-to-diameter ratio P/D

was determined equal to:

P/D = 1.248 (Fuel Bundle Geometry) (2.1)

The result given in (2.1) is based on the following easily derived

formul a:

DF = 2 /3 P + D + 2DW (2.2)

where DW is the diameter of the wire-spacer. Here DW was taken equal to

P-D. Since the diameter of the actual fuel rod is 0.23", the scale of our

test section is of order of 3.2:1.

Based on this geometry and the maximum flow rating of our loop, the

Reynolds number Re could reach as high as 1000 depending on inlet tem-
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perature conditions.

(b) It was decided to keep the maximum rod power level at 2KW per

rod. This would allow us to fully use the previous power supply system.

Seven additional sets of variacs, A-meters and Volt-meters were also

purchased. Based on this maximum power rating, it was calculated that

Gr /Re numbers could reach 2.0 x 104 for Re around 700 to 800. As

discussed in chapter 3, these numbers for the Gr /Re parameter lie well

within the mixed convection regime.

Figure 2.1 is a schematic description of the test section including

the lower plenum, the hex housing and the upper plenum. The test section

is situated on two I-beams to allow the power wires of the heated rods to

enter the bottom of the lower plenum. Figure 2.2 is a cross-section of

the hex housing with the wire-spacer illustrated at a random position

(angle).

Next the design, construction and assembly procedures of the various

components of the test section and the loop are presented.

A brief discussion is also presented on the 16-pin square array bare

rod bundle that it is also used for mixed convection pressure drop

measurements (see Chapter 3).

2.2 Component Design and Construction

2.2.1 The Hexagonal Housing

The housing consists of a cold-formed hexagonal tube with welded

flanges at each end. The overall length is 64" (162.56 cm) and the inner

flat-to-flat distance is 4.335" 0.002" (11.013 0.005 cm). The housing

was available from a previous 37-pin experiment. An observation window is
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installed in the housing to be used for flow visualization. The location

of this window is shown in Figure 2.1. It may be used for two purposes:

* Swirl flow velocity measurements using the hydrogen bubble

technique (HBT)

* Onset of flow recirculation measurements using dye techniques

A window schematic, including the location of the HBT wire, is given in

Figure 2.8. Note that due to the limited thickness of the housing walls,

and for better observability, an extra stainless steel plate was welded on

the test section. A plexiglass piece is made to exactly fit the window

opening. A rubber 0-ring- is used for water sealing. In the present work

the above capabilities for swirl flow velocity measurements and onset of

flow recirculation measurements are not explored.

2.2.2 The Heater Rods

Nineteen heated rods were ordered from Ramarod, Inc. The technical

specifications for these rods are:

Nominal Diameter: 3/4" (1.905 cm)

Actual Diameter Dr: 0.745" 0.003"
r

Total Length LR 89.5" (227.33 cm) 2.5%

Heated Length LH: 64" (162.5 cm) starting from the top end

Material: stainless steel type 304

Figure 2.3 is a vendor's schematic of a typical rod. Note that MgO

has been used for filling the rod. This material has very low thermal

conductivity, as is the case with the actual fuel oxide in a LMFBR rod.

Note also that the power wires are not immersible in water, and con-
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1 The highest quality resistance wire, is evenly coiled and uniformly centered in close proximity to the
heater sheath.

2 Magnesium Oxide, compacted to a very high density by proper filling and swaging, forms the heat con-
ducting electrical insulation between the resistance wire and the sheath. The ability of high density
MgO to act as a heat conductor and an electrical insulator at high temperatures allows the resistance
wire to be in close proximity to the heater sheath. Because of the low temperature drop from resist-
ance wire to sheath, the sheath can be allowed to run hotter without overheating the resistance wire.

3 Incoloy sheath material provides high temperature corrosion resistance and a high emissivity factor.
Other materials are available upon request.

4 A moisture and contaminant resistant lava seal is provided as standard. Other seal materials are
available.

5 Solid nickel terminal pins are attached to the resistance wire by our patented high temperature con-
nection which makes the RAMAROD superior to other so called high temperature cartridge heaters.

6 All RAMARODS are sealed at the end with a welded metal disc allowing immersion in liquids when
required.

FIGURE 2.3: THE HEATER ROD (Taken from RAMAROD CORPORATION )
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sequently the lower end of the rods has to be rigorously sealed. In addi-

tion, due to high hydroscopic properties of the MgO, the rods cannot be

pierced through for support purposes. Instead, external support has to be

provided as shown later.

All rods were tested for possible heat flux profile deviations along

the axial or the circumferential direction. For that purpose, surface

temperatures of the heated rod walls were measured while the rods were

cooled by natural circulation of the ambient air. Thermocouple wires were

used for this measurement. Figure 2.4 gives some typical temperature pro-

file results along the axial direction of a given rod. As Figure 2.4

indicates, the heat flux profile can be considered as uniform except for

1-2 cm at the vicinity of both ends of the heated zone.

Finally it should be mentioned that due to manufacturing problems the

tolerances of the total length of the heater rods could not be accurately

controlled and consequently the total length exhibited a 2.5% deviation

from the nominal dimension.

2.2.3 The Wire-Spacer and the Wrapping Procedure

A wire-wrap type of spacer is used for all 19 rods. A schematic

representation of a heater rod with a wire-wrapped spacer is given in

Figure 2.5. The wire diameter DW was selected equal to 0.183" (0.465 cm).

Based on Equation 2.2 the flat-to-flat distance D needed for this DW is

calculated equal to 4.3346". Therefore the clearance is estimated as

follows:

NOMINAL
Clearance = DF - D = 0.00140"

This clearance was established to assure smooth fit of the housing over
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the wire-wrapped rod bundle.

The wire-spacer lead length H was selected to be equal to 35.2 D.

This choice was made on the basis of rough estimates for the hydrodynamic

entry length (see W-6). It was required that entrance effects should die

out in the first half on the bundle. It was also required that the total

housing length LH should be equal or larger than two lead lengths. For

H/D = 35.2 the LH/H ratio was equal to 2.44.

All of the stainless-steel wires were silver-soldered on the heater

rods at the two end positions (top and bottom). The welding at the top

position is performed first, the wrapping of the wire-spacer follows and

the welding at the bottom position completes the wrapping procedure. One

major problem that arises here is the accurate alignment of the wire-

spacer with respect to the rod at the top position before performing the

first silver-soldering. This problem was solved with the use of the

aligner design of Figure 2.7 The cylindrical piece (aligner) has a wall

thickness less than the spacer-wire diameter. A cylindrical slot has been

made on its surface at an angle p equal to 6.40. Note that

a P/0tan = H/D

At the beginning of the wrapping procedure the wire spacer is placed

within the slot and it is mechanically attached on the rod surface with

the use of a clamp. Subsequently the spacer is wrapped for an approxima-

tely H axial distance before the top sliver-soldering is performed.

Due to the fact that (a) the heater rods have different lengths, (b)

all wire-spacers start from the top of the heated rods and (c) all heater

rods are supported by the tie plates with their bottom ends l4eing at the
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same horizontal plane, then the top end of the heater rods and the wire-

spacers could not be lying at the same plane. In order to facilitate the

velocity and temperature measurements at the exit (top) region of the

bundle, the top end of the wire-spacer wrapped on a longer rod was cut so

that the new top end would lie at the same horizontal plane with the top

end of the wire-spacer wrapped on the shortest heater rod.

2.2.4 The Lower Plenum and the Tie Plates

The lower plenum is shown schematically in Figure 2.1. It is made

of aluminum and its total height is 27.4" (62.8 cm). The top flange

of the lower plenum is connected with the bottom flange of the housing.

Sealing is achieved through the use of an 11.5" diameter rubber 0-ring.

The lower plenum was cleaned and electrochemical plated to avoid

corrosion of the copper material, in particular at the copper-stainless

steel interface where the electrochemical potential is high.

At the lower flange of the lower plenum the design considerations

are much more complex and are shown schematically in Figure 2.9. We

distinguish the two tie plates, namely the sealing plate and the support

plate which is thicker. The sealing plate seals the 19 piercing rods with

the use of 19 0.738" inner diameter rubber 0-rings. The purpose of the

support plate is two-fold: (a) to keep the 19 0-rings of the sealing

plate in place, and (b) to support the weight of these rods and transfer

this load to the I-beams, as shown in Figure 2.1. Note that the weight of

the upper plenum, test section and lower plenum is passed to the I-beams

through the bottom flange of the lower plenum. Note also that the 19 0-

rings of the sealing plate are used to inhibit any rotational motion of

the rods around their axis.
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2.2.5 The Upper Plenum

The upper plenum is shown schematically in Figure 2.1. It is also

aluminum and it is connected to the test section through its lower flange.

Note that its upper part is open to the atmosphere, so that it provides a

constant pressure boundary condition at the outlet of the rod bundle. In

addition this open upper plenum design allows easy access to the exit

region of the rod bundle in order to perform subchannel velocity and

temperature measurements (see chapter 5).

2.2.6 Test Section Assembly Procedure

In order to assemble this rather complex test section (tie plates,

lower plenum, housing, upper plenum, heater rods) the following steps are

performed:

(a) Tie plates preparation

The tie-plates are thoroughly cleaned using some methanol solution.

The 19 0-rings are covered with vacuum grease and are put in place.

(b) Tie plates-lower plenum attachment

The tie-plates are attached at the bottom flange of the lower plenum.

The tie bolts are then slightly tied. At this point the lower plenum

rests at a horizontal position.

(c) Heater Rod Insertion

Subsequently the heater rods are inserted in the tie plates from the

top of the lower plenum, one-at-a-time. To facilitate insertion the rods

are lubricated with a low viscosity lubricant. At this stage care must be

taken so that all wire spacers are completely aligned with each other.

After the insertion and the alignment is completed, the tie plate bolts

are thoroughly tied.
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(d) Housing Slip-over

At this point, the upper plenum and the heater rods remain in a hori-

zontal position. The rods are supported in a hexagonal shape with the use

support plates and wires. The housing is located in a horizontal position

at the same level with the rods with the help of a portable crane.

Consequently it is slipped over the rods in small discrete steps.

Each pushing step is performed with the minimum possible pushing force,

after realignment of the housing and the rods is established. After the

housing has reached the lower plenum, the bolts are put on and thoroughly

tied.

(e) This tie plates-lower plenum-rods-housing assembly is carried

with the use of a portable crane over I-beams. Here the test section is

tilted to a vertical position and it is placed, aligned and bolted on the

I-beams.

(f) Finally the upper plenum is bolted on the top of the housing.

The test section is subsequently connected to the loop and a leak test is

performed. Particular attention is directed to the tie-plates where any

leak could force the repetition of the whole assembly procedure. When

all leaks are sealed, the test section (including upper and lower plena)

is thoroughly insulated using successive layers of fiberglass material up

to a 4 cm total thickness.

2.3 Loop, Instrumentation and Operations

2.3.1 The Loop

The objective of the loop is to provide purified, degassed water at a

desired constant inlet temperature and flow rate at the intake of the

lower plenum. A schematic description of the loop used in the work is
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given in Figure 2.10. Most of the components of this loop were already

build in conjunction with the 4 x 4 square array bare rod bundle (see W-7

for details). In this work the following improvements were made:

(a) A heat exchanger (S-303 HY Single Pass Model, Peeco Corp.) was

added at the intake part of the loop in order to control the inlet

temperature in the lower plenum at a desired and constant temperature

level.

(b) A loop was added for gravity feed of water from the upper plenum

back to the water supply tank.

As Figure 2.10 indicates the intake part of the loop consists of the

supply tank, pumps, heat exchanger, filter, and flow meters FM1 and FM2.

The heat exchanger was placed after the pumps in order to increase the

absolute pressure in the suction region of the loop (region before the

pumps) and thus minimize air sucking or cavitation problems. However, in

this arrangement the pumps operate in higher temperature particularly when

the loop is used for cooling purposes as explained below.

The loop is used for two purposes:

(a) To degasify the water in the supply tank. This is accomplished

by first heating the supply tank water to the boiling temperature and

boiling for five to ten minutes. Then use the heat exchanger and the

by-pass line to cool this water down to ambient temperatures (20 to 250C).

It is through this later operation that the pumps experience temperatures

higher than 80*C for approximately 1/2 hour.

(b) To provide steady, constant temperature water flow at the lower

plenum inlet nozzle.

2.3.2 The Flow Meters
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Two rotameter flow meters FM1 and FM2 are used to measure the

volumetric flow rate in the test section. These flow meters were

calibrated individually using the classical bucket/stop watch method. In

both cases the error of this calibration procedure for the maximum flow

rate was less than 1.5%. Both flow meters exhibited linear behavior with

the flow rate. The maximum flow rates measured by these flow meters were

as follows:

FM1: Qmax = 1.24 x 10~4 m 3/sec 0.75%

FM2: Qmax = 3.10 x 10 m /sec 0.75%

This calibration procedure was repeated for two different temperature

levels, namely 220C and 330C. It was found that the calibration curves

were practically the same for the two temperature levels.

2.3.3 The Power Supply

Each heater rod was heated electrically using a dual-coil variac

autotransformer made by Techni-power. Each rod was placed in a series

circuit on the secondary side of the variac as shown in Figure 2.11.

Power was drawn from the 208 volt A.C. source through the primary side.

When the variac was turned to position B, a maximum of approximately 200

volts and 10 amperes were obtained at the secondary side.

On line with each variac, a volt-meter and a A.C. ammeter were placed

to monitor the total power and current per heater rod. Each pair of these

meters was calibrated with a pre-calibrated digital multimeter (Model 262,

United Systems Corp.).

During operations the power in each rod was set individually through

the corresponding variac and estimated through the Volt-meter and A-meter
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readings. Due to limited resolution of the read-out panel for both meters

the power level was estimated within 2.0% error.

2.3.4 Temperature Measurements and Heat Losses

The inlet and outlet temperatures T and T of the test sectionin out

flows were constantly monitored with high resolution mercury thermometers

of accuracy 0.10C. The ambient temperature Ta was also monitored with

mercury thermometers at three different axial levels:

T = (T . + T + T )/3a a,in a,m a,out

where subscripts in, m and out stand for inlet nozzle, middle and outlet

nozzle level respectively.

The above temperatures are used to estimate the heat losses in mixed

convection for the particular case of the insulation used in our test sec-

tion. It consists of two layers of fiberglass insulation with total

thickness approximately equal to 4.5 cm. In order to experimentally

determine the heat losses, several runs were made with zero heater power.

The heat losses l were estimated as follows:

loss p V out - Tin (2.1)

where V is the volumetric flow rate given by the flow meter, and p is

estimated at T where

T = (Tin + T out)/2 (2.2)

In some runs Ta was larger than Tf and therefore the coolant in the test

section gained heat from the environment.
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In all cases the heat exchange between the flow and the environment can be

also approximated as follows:

gloss ~ tot - Ahex (Tf - Ta) (2.3)

where 1 + 6w + insul. insul. (2.4)h ~ T - +.
tot f w insul. insul.

since insul. >> 6 and .
insul. w f

Therefore htot can be considered as constant. Consequently equation (2.3)

suggests that l should be plotted against (Tf-Ta). Figure 2.12 gives

the Qloss estimated from (2.1) versus (Tf-Ta) for several zero power

runs. It is observed that a linear relationship between these two parame-

ters is established. Figure 2.12 can be used to estimate the heat losses

in any mixed convection run. In a typical case of well established mixed

convection flow, Ta ~ 25*C, T ~ 550 and power per rod ~ 1600W. From

Figure 2.12 we estimate that Q ~ 900W or in terms of percentage.

loss 900 3.0%

TT 19 x 1600

Figure 2.12 results were used to give an "a priori" estimate of the heat

losses for given environmental conditions and Reynold's number. It was

found that for Re < 200 the heat los-ses became significant. In any mixed

convection run the heat losses could be estimated as follows:

loss Nominal Rea I (2.5)
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where:

Real ~Tp I (T out - Tin) (2.6)

and QNominal is the nominal power supplied to the rods, determined by the

power meters. It was also found that in mixed convection flows the ratio

(Nominal - NReall Nominal was always less than 6.0% for Re > 250. In

any case for Nusselt and Grashof number calculations, the heat flux was always

estimated using Qreal rather than UNominal'

2.3.5 Experimental apparatus operation.

In a typical mixed convection run, the following steps are followed:

(a) Degassify the supply tank water. This is a time consuming

operation and it includes two steps.

* Water Boiling

* Water Cooling

The cooling process can be accomplished either by letting the boiled

water cool overnight, or by using the heat exchanger and the by-pass line.

This latter process is faster (- 2 hrs) but it usually causes some water

gasification due to cavitation phenemena.

(b) Start the loop and establish the desired flow rate level.

Initiate the flow at the cooling side of the heat exchanger also.

Constantly monitor the test section inlet temperature and wait until it

reaches steady state. Depending on the initial conditions this may take

ten minutes to half hour. When steady state is reached perform any zero

power measurements, if needed.

(c) If only zero power data are needed, make sure that Ti and Tout

remain constant during the course of the measurement session. In case

a new flow rate is established, repeat step (b) above.
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(d) For a mixed convection run, prepare the power supply. Turn on

all switches. Make sure that all safety fuses are intact before dialing

the power in each variac. Also post HIGH VOLTAGE warning signs to avoid

any accident.

(e) Set power of each variac at the desired level. This procedure

is performed in two steps. First, do a gross adjustment of the power

level in all variacs and second, follow up with fine adjustment.

Depending on the complexity of the power level pattern, this process may

take from five to fifteen minutes.

(f) Keep track of inlet and outlet temperature transients. Tout is

used to determine when the transient is over and a new steady state con-

dition has been established. Then perform all required measurements.

2.4 The 16-pin Square Array Rod Bundle.

A 4x4 pin square array rod bundle was also employed in this work for

pressure drop measurements in mixed convection. This bundle was built by

Wang (W-7) and it consists of 16 bare rods of 0.496" diameter supported by

home-made grid spacers. A side view of this test section is given in

Figure 2.13. The locations of instrumentation taps which can be used for

velocity, temperature and pressure measurements (V,T,P,) are shown. Three

plexiglass windows (not shown) are located at the level of the instrumen-

tation taps to allow flow visualization. A cross-section of the test sec-

tion is given in Figure 2.14. Note that at one side of the test section a

cooling channel has been installed to allow external cooling of the

corresponding side of the test section. The pitch-to-diameter for this

bare rod bundle is again 1.248 (same with the wire wrapped bundle).
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CHAPTER 3

MIXED CONVECTION PRESSURE DROP IN VERTICAL ROD BUNDLES

3.1. Introduction

The knowledge of the pressure drop characteristics of flows in

energy components (nuclear reactors, heat exchangers, solar loops) is

vital to the design of the particular energy system. In most cases the

pressure drop characteristics are deduced from experimental and/or analy-

tical work under isothermal flow conditions. Here the claim is made that

the forced convection heat transfer regime is prevailing and the

hydrodynamic characteristics of the flow field are independent of the

thermal phenomena. However this claim is not true in cases where the heat

flux - to - flow rate ratio is high enough so that a local buoyancy

effects drastically alter the velocity profiles. Here the forced convec-

tion correlations may prove to be inadequate and a need arises to study

the thermal and hydraulic characteristics of the flow in a coupled sense.

Such thermosyphon effects and other various applications are reviewed in

J-1. Examples of such applications include industrial and power

generating equipment, cooling systems of nuclear reactors, passive solar

energy collection systems and geothermal and geophysical processes.

In this chapter, we study the pressure drop characteristics of

aiding, low Reynolds, fully developed, mixed convection flows in vertical

wire-wrapped and bare rod bundles. The focus of the work is to provied

mixed convection preessure drop data under laminar/transition flow con-

ditions. Turbulent flow conditions are not treated in this work.

The governing equations and the dominant dimensionless parameters
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were presented in chapter 1. A literature review of all relevant

experimental and analytic work in circular tubes and rod bundles follows.

The instrumentation and its associated error in measuring low magnitude

pressure drops is also presented together with a method to measure

pressure drops under mixed convection conditions. Finally the data are

presented and discussed.

3.2 Literature Review

In this section, most of the experimental and theoretical work on

low Reynolds pressure drop in mixed convection is reviewed. Since only

limited work exists for rod bundle geometries, tube geometry results are

also considered. All data discussed here was taken with a constant heat

flux boundary condition.

Kemeny and Somers (K-5) obtained- extensive pressure drop data for

laminar mixed convection flows in vertical circular tubes using oil and

water. It was found that the ration f/f was as high 20 for Gr /Re around

4
4 x 10 . Here f is the mixed convection friction factor and fo is the

isothermal (or forced convection) flow friction factor under the same

Reynolds number. It was also found that the Pr effect on the data was

minor. Some of these data are shown in Figure 3.1. As reported in K-5

transition to turbulence had occurred in at least half of their data

presented in Figure 3.1. However the authors (K-5) could not

differentiate between laminar and non-laminar data with respect to

parameters of Figure 3.1. Some pressure drop data, also displayed in

Figure 3.1, were taken by Greene and Scheele (G-2).

Bishop, Willis and Markley (B-9) theoretically studied the effects of
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buoyancy on laminar upflow friction factors in circular tubes. Using

infinite series solution, they solved the following equation:

V4 w* + 4(Gr /Re) w* = 0 (3.1)

Equation 3.1 can be directly derived from equations 1.28 and 1.29, by

differentiating equation 1.29 twice and subtracting out equation 1.28.

The velocity field was expressed in terms of B and B functions and the

parameter Gr /Re. From the velocity field the friction factor was

derived. An algebraic fit to the analytic solution was found to be:

f 3Gr q 0 .655 _

= (1 + 2.97 x 10- R 6e F (3.2)
0

where f and fo are the friction factors in mixed and forced convection

respectively under the same Reynolds number. For tubes f is equal to:

f 64 (3.3)
o Re

Bishop et al. (B-9) even attempted to extend their model to include deve-

loping flow effects. They used the water velocity profiles in G-2, in

order to deduce the friction factors in developing flows for Gr /Re = 465.

A best fit correlation was found to be:

f 1 + F-1 (3.4)
f 1 + 0.36 Z-3

where Z = 50 ( .

Equation 3.4 is not generally valid for any Gr /Re value. It is not also

valid for any Pr number since it was based on water data. As discussed in
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section 1.4. Pr number effects are important for developing mixed

convection flows.

Comparison of equation 3.2 with data is shown in Figure 3.1 for the

data of Kemeny and Somers.

Mawatari et al. (M-1) presented water friction factor data for mixed

convection flows in a 91-pin wire-wrapped rod bundle with P/D = 1.21 and

H/D = 47.2. Their results are shown in Figure 3.1 and 3.2. The Gr

number they defined is equal to 380 Gr q/Re. (see Appendix A.3.1) The

data have been plotted in Figure 3.1 in the form of vertical bars. The

upper part of these bars correspond to the lower Reynolds data of Figure

3.2. The opposite is true for the lower part of the bars. Observe that

laminar data for f/f by Mawatari et al. (corresponding to the upper bar

part) are higher than all of the circular tube data reported yet.

The following remarks can be made, based on this data:

(a) For Gr /Re ~ 420 and Re < 600, f/f0 is approximately equal

to 1.5.

(b) For Re < 700, the f/fo ratio increases with Gr /Re.

(c) When Re approaches 1000 and up the f/f ratio approaches 1.

The authors are not aware of any other pressure drop mixed convec-

tion data in rod bundles. In contrast there are several mixed convection

analyses of laminar fully developed flows in bare rod bundles (R-5, Y-2,

W-8, W-7). S-F Wang, Rohsenow and Todreas (W-8) solved equations 1.28

and 1.29, for interior and edge subchannels of bare rods situated in

both square and triagular arrays. Both aiding and opposing mixed convec-

tion flows where considered. Friction factors and heat transfer coef-

ficients were calculated and plotted against the Gr /Re parameter. The
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effect of the parameter P/D was also considered. In Figure 3.3 we recast

their aiding flow friction factor data for convenient form: f/fo versus

Gr /Re, in order to facilitate comparisons with our data. Based on Figure

3.5, the following remarks can be made:

(a) There is a strong P/D effect. For P/D approaching unity,

mixed convection effects are mainfested earlier for the same Gr /Re.

(b) The circular tube analytic solution exhibits less steeper gra-

dients than all subchannel solutions.

(c) The circular tube solution envelops from below all subchannel

solutions.

One should keep in mind that all these solutions assume complete

laminar flow conditions where as the data in K-5 indicate, transition

to turbulence has occured at most of the data.

3.3 Instrumentation and Measurement Procedures

3.3.1 Instrumentation

Both the 16-pin bare rod bundle and the 19-pin wrapped rod bundle

were used for mixed convection pressure drop studies. These bundles were

described in Chapter 2. In this section the pressure drop measurement

set-up, the relevant instrumentation and the associated error of the

measurement are discussed.

Figure 3.4 gives a schematic of the pressure measurement set-up for

both bundles. The static pressure measurements were made between points 1

and 2 and the pressure signal was transmitted by 1/4 inch tygon tubes to

the electric manometer. 1/8 inch wall pressure taps were used at points 1

and 2.
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The differential pressure at C and D was measured with an electric

manometer and a time-averaging voltmeter. The electric manometer was made

by Datametric and it contains a multi-range differential pressure trans-

ducer which measures 0.002 to 20 psi (0.1 to 1000 Torr) (For details see

E-3). This particular manometer is very sensitive to ambient temperature

changes. Such changes cause significant drifts that render the low scale

measurements practically impossible. In order to minimize this problems,

the whole electric manometer was thermally isolated using a 5 cm layer of

fiberglass.

3.3.2 Pressure Drop Measurements

Two kinds of pressure drop measurements were performed namely: (a)

isothermal flow measurements, (b) heated flow measurements. In the case

of isothermal flows the frictional pressure drop Apisobetween points A and

B was directly measured in the voltmeter since the static heads in the

test section and tygon tubes cancel out: (see Appendix A.3.2)

Apiso =PM (3.5)

In the case of mixed convection frictional pressure drop measurements, the

following formula is used: (see Appendix A.3.2)

AP MC APM + Hg ( , (3. 6)

where H is the distance between positions 1 and 2 in the test section,

M is the average manometer density and p ,2 is the average water density

in the test section between points 1 and 2.

In order to evaluate p M the following procedure is adopted. At the

beginning of each measurement, both power and flow rate are set to zero,
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and isothermal flow conditions are established in both the test section

(at T ) and the manometer tubes (TM). At this point the manometer will

not read zero if T0 # TM. Subsequently we set the manometer reading

to zero in order to artificially make the manometer read as if TM = T .
Under such conditions:

PM ~ Pwater (T0 ) (3.7)

Subsequently the flow and then the power are turned on. The p1,2 is esti-

mate as:

P1,2 * Pwater (T) (3.8)

T +T2
where T 1 2 (3.9)2

and T and T2 can be estimated by assuming a linear temperature profile

along the heated zone. Refering to Figure 3.4 take:

T1 -Tin + (out - Tin) (3.10)

T +(Tu Ti Z2
T2 Tin + gout - in L~

3.3.3. Error Estimation

The error of each individual term in equation 3.6 is now estimated.

The manometer reading ApM has the same accuracy for both isothermal and

mixed convection measurements. The following factors affect the accurancy

of this term:
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(a) Some permanent deformation of the sensing diaphragm.

(b) Any air bubbles present in the manometer tubes.

(c) Any oil leak from the electric manometer.

The manometer was calibrated for static pressure measurements using a

water column in a marked tube. Within the accurancy of the water column

length measurement (the water level in the tube is curved due to capilary

phenomena), the electric manometer measured "exactly" the weight of the

water column for column lengths down to 3 mm. For the lowest scale the

M error was statistically estimated to be of order of 3.0%. This was

done by repeating isothermal pressure drop measurements under the same

flow rate conditions and by recording the scattering of the data. Note

that this error includes also the error imposed by the resolution of the

flow meter. Therefore:

pM APMmeas 3.0% (3.11)

The accurancy of the manometer drastically deteriorates when ApM is less

than 0.0002 psi. In this case it was estimated that the error is 16.0%

because of suspected non-linear behavior of the manometer diaphragm. The

term gH (PM - 1,2) in equation 3.6 introduces more serious errors

than that in Ap M. This error is caused by temperature drifts (Tin, TM)

during the course of the measurement and the drift in temperature T which

follows any drift in the inlet termperature.

The drift in temperature TM is caused by two reasons:

(a) Ambient Temperature Ta changes

(b) TM is much different (usually colder) than Ta and therefore a
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transient occurs to nullify this difference.

As discussed in Appendix A.3.1, note that it is TM changes at the

vertical part of the manometer tubes in Figure 3.4 that affect the

measurement of ApM.

If during the course of a mixed convection measurement (typically

from 30 to 40 minutes) TM changes by ATM and then the error introduced

in the term g H M - 1,2) can be calculated as follows:

g H (ApM + Ap 1 2 )
e = - - (3.12)

g H (PM - P1,2)

where APM and Ap1,2 are the uncertainties in the pM and p1,2 estimations

respectively. Using the relation

Ap ~ p SAT

equation 3.12 is written as:

e 

M ATM s(TM) + p1,2 AT (T)(3.13)

P M (T - TM)T

where 6 is evaluated at temperature (T + TM)/ 2.

In a typical mixed convection run with Re ~ 450 and Gr /Re ~ 2200,

approximately have:

T. 25*Cin

TM 200 C, M ~ 1.82x10~4  K, !M ~ 998 kg/m

T - 430 C, 1, 2 ~ 4.Ox1O 4 OK , 51 2 ~ 990 kg/m3  (3.14)

A T - AT - 10c
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ATM 1C

Using equation 3.13 and property tables get:

e ~ 10.0% (3.15)

In order to calculate the total error let

X = g H (pM - P1,2)

Y = -ApM (Note: ApM<O) (3.16)

F = A pMC

Then e MC AF AX + AY (3.17)APf F X - Y

Based on data reduction experience, the following is true:

X - Y and X - Y - 0.1 X (3.18)

Substituting in 3.17 take:

MCeApf ~ 10 (eX + ey) (3.19)

and since eX ~ 0.1 and ey ~ 0.03 we get that:

MC
eApf ~ 130.0% (3.20)

This error estimate for a typical mixed convection pressure drop measure-

ment clearly indicates the difficulties of the measurement even when assu-

mint AT AT M - 1*C. Typically in our experiments AT. was around

0.5C and ATM around 0.4*C. For these temperature uncertainties the total

MCerror eA is around 65%. (This error is indicated with an error bar in

our data of Figure 3.8). Obviously a new experimental approach is
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required to drastically reduce this temperature drift particularly the

drift of TM. One easy but time consuming way consists of two basic steps:

(a) Operate the loop in an open-loop mode and discard the hot water

to the drain. In this way AT can be controlled within 0.10 C.

(b) Fill manometer tubes and test section with water and let them

stay overnight, in order to equate TM with the ambient temperature.

Here again ATM is expected to be ~ 0.10C.

For AT AT - 0.1*C the total error e is similarly estimatedM APf

approximately equal to ~ 25%. Such approach was followed recently by

Okada (T-9), the results of whom are presented in this work (see Figure

3.8).

3.4 Results and Discussion

3.4.1 Isothermal flows

The isothermal friction factor coefficients f are experimentally

obtained first. These coefficients are needed to calculate the f/f ratio

(mixed-to-forced convection friction factor coefficient ratio).

Experiments are conducted in both the bare and the wire-wrapped bundle.

All data are plotted as f versus Re.

The friction factor is estimated as follows:

2
f Ap De w wD l Ap (.1

fo 1 2 8D(3.21) o 1-P2 H 8 H P v-2
,- pw

where Ap is the pressure drop between positions 1 and 2 in Figure 3.4, De

is the equivalent (hydraulic) diameter, H is the distance between the

pressure taps, Pw is the wetted perimeter and V is the volumetric flow

rate. Ap and / are measured by the manometer and rotameter with 3.0
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(maximum) and 0.5% error respectively. The Reynolds number is estimated

as:

Re = 4 (3.22)
w

where v is the kinematic viscosity. The values of the geometrical parame-

ters can be found in Table 3.1. Using equations 3.21 and 3.22 our laminar

friction factor data for the bare and wire-wrapped bundles are plotted in

Figures 3.5 and 3.6. We begin our analysis and discussion with the bare

rod bundle results.

The flow is assured to be fully developed for Re < 700. This can be

justified by using the approximate formula to estimate the hydrodynamic

entry length in pipes developed by Schmidt and Zeldin (see W-6):

L
~ 0.08 Re (3.23)De

Taking L equal to (z1 + z2)/2 (see Figure 3.4) L = 60 cm,

De = 1.05 cm, then from equation 3.23, observe that the flow in the middle

plane is fully developed for Re < 700.

The data in Figure 3.5 display a remarkable linear behavior. An ana-

lytical expression predicting this data can be found using Rehme's

approach (R-3, S-7). Each subchannel of the square array, is considered

to form an isolated channel. Using the friction factor constants C = f Re,

the bundle friction factor can be estimated as follows: The pressure drop

in each subchannel is constant:

2
L ui L 2

Ap = fg - P -- = b De- P ub /2 (3.24)
1 b
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C.i C 1V
where f= C De u. (3.25)

1 i1

subscript i stands for interior, edge or corner subchannel and subscript

b indicates bundle averaged quantities. Substituting 3.25 into 3.24 get:

u. C De2

u _ b - i (3.26)
b i Deb

Also from continuity equation take:

u. A.
S1A 1= 1 (3.27)

i b b

where A. is the subchannel cross section and iA = A From equations

3.26 and 3.27 finally obtain:

De A
1 1 i 2 1 (3.28)
7.=1 C (De- A }(.8
b 1 b b

The C 's are obtained from literature numerical calculations and for

P/D = 1.25.

Cinterior = 89.4
} (W-7)

Cedge = 86.2

C corner = 85.7 (S-7)

Based on these numbers Cb is calculated to be 82.4. As it can be seen in

Figure 3.5 the correlation f = 82.4/Re predicts our data with less than

3% error (except some extreme data points).

We turn now our attention to the wire-wrapped bundle data displayed

in Figure 3.6. The position of the lower tap is at 83.6 cm and De = 1.086

cm. Using equation 3.23 it is roughly estimated that the flow will be
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fully developed there for Re < 962.

As it is shown in Figure 3.6 an empirical correlation was fitted

through the data:

f= 28.8 ; Re < 1000 (3.29)
0 Re0.83

This result is in good agreement with data of Mawatari et al. (M-1)

for a wire-wrapped rod bundle with P/D = 1.21 and H/D = 47.2. Spencer and

Markley (S-5) conducted similar experiments in a rod bundle with P/D =

1.24 and H/D = 40. Based on their data it was suggested that:

f 85 (3.30)

This correlation is also shown in Figure 3.6. Apparently the slope

of Spencer's and Markley's data is different than the slope of our data.

Further experimental work may be required to clarify the deviations bet-

ween these two correlations.

3.4.2 Mixed Convection Pressure Drop Data

Both bundles were run under mixed convection conditions with uniform

radial nominal power distribution. The friction factor coefficient is

estimated as follows:

P 2 De3 tic
f w P (Ap) (3.31)

8 L 2 -2
po V0O 0

where p0 is evaluated at inlet temperature and p at temperature T =

(T1 + T2)/2, where T is the average water temperature between the pressure

taps. The procedures to measure Ap have been outlined in section 3.4.

The Gr and Re numbers are evaluated from:
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Gr = g q" De 4 g e4  b (3.32)
q v2 k k v2 Tr D h

4 p VI
Re = PO-V 0 (3.33)w P

where q" is the heat flux per rod, P is the total power per rod, h is the

rod heated length, D is the rod diameter, a is the water thermal expansion

coefficient and k is the conductivity of the water. All physical proper-

ties are evaluated at T = (T1 + T2)/2. As extensively discussed in

section 3.3, the major source of error is introduced through the (Ap)MC

term. The power per rod P is estimated using the flow rate and tem-

perature rise measurements as discussed in Chapter 2. Due to test section

heat losses the rod power estimated as above was found to be 3 to 5.0%

lower than the nominal rod power.

Figure 3.7 gives the mixed-to-forced friction factor ratio f/f as a

function of the Gr /Re parameter for the bare rod bundle. The error bars

plotted for each data point are of order 40%. This significant error is

caused by manometer tube temperature variations during the course of each

measurement. All data have Re less than 750. The corrlation f = 82.4/Re

was used for f estimation. The following remarks can be made:

(a) The f/f0 ratio ranges from 1.0 to 2.0 with no clear-cut behavior

as a function of Gr /Re. This later remark is due to the large error

associated with the measurement.

(b) Bishop et al. circular tube correlation lies well above the data.

The same is true for the circular tube data presented in Figure 3.1.

At this point it should be mentioned that transition to turbulence

had occurred in some of our mixed convection data in the 16-pin bare rod
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bundle. This was experimentally found by observing the signature of a

thermocouple inserted within an interior subchannel of the bundle. The

flow was not laminar for Re ranging from 300 to 500 and Gr /Re ~ 3.0 x

103 or higher. A systemic study of the onset of flow instability for a

2 x 2 square array bare rod bundle was presented in E-1.

Figure 3.8 presents the f/f ratio versus the Gr /Re parameter for

the case of the 19-pin wire-wrapped rod bundle. For completeness, recent

data by Okada (0-2) are also presented. These data were taken after our

first series of data was accomplished and with the improved temperature

control procedures mentioned earlier in order to minimize the systematic

error. The following remarks can be made:

(a) Both Okada's and our data are significantly lower the circular

the circular tube analytic prediction as well as Mawatari's 91-pin wire-

wrapped bundle data.

(b) A Reynold's number effect seems to exist in our data, similar to

that in Mawatari's et al. data. The f/f ratio is higher for lower

Reynold's number. No such behavior can be clearly observed in Okada's

data. Note that the systematic error (see error bar in Figure 3.8) in our

data is ~ 65% rendering the Reynold's effect exhibited by our data

questionable. Further work is required to clarify this point.

We now speculate about why all our f/f data exhibit relatively lower

values than those of the circular tube experiments (Figure 3.1) as well as

the circular tube analytic solution. In both our bundles the heat-to-flow

ratio is higher for the interior than the peripheral subchannels. Due to

the fact that housing walls are not heated it is expected therefore that

buoyancy effects will render the velocities at the interior subchannels
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higher than the velocities in the peripheral ones. The frictional forces

while increasing in the core region will decrease or even reverse direc-

tion at the housing walls. Such phenomena are not present in the case of

circular tubes, where buoyancy effects always increase friction in aiding

flows. We postulate that these "unheated wetted perimeter" effects slow

down the pace of (f/f )bundle increase with buoyancy forces increasing.

The higher the ratio "unheated wetted perimeter"/"heated wetted

perimeter", the more pronounced this slow down effects are expected to be.

The above postulate has to be validated analytically and checked with

new experimental results. For the later, it is important to improve the

accuracy by minimizing the ATM uncertainty down to 0.1*C by the technique

already employed by Okada. In addition new rod power distributions should

be established, i.e., higher power at the peripheral rods and vice-versa.

Such data will allow the development of a subchannel based f/f ratio

using a 2-channel model similar to that employed in S-4 by Symolon.
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CHAPTER 4

MIXED CONVECTION HEAT TRANSFER IN WIRE-WRAPPED ROD BUNDLES

4.1 Introduction

In this chapter, mixed convection effects on temperature distribu-

tions at heated rod walls and heat transfer coefficients are studied. As

discussed in Section 1.2, in aiding flows buoyancy effects increase the

velocity magnitude and consequently the convective forces in the vicinity

of the heated walls. Therefore in laminar aiding mixed convection flows,

heat transfer is expected to improve as buoyancy forces increase. The

opposite is true for laminar opposing mixed convection flows.

In turbulent flows opposite phenomena may happen. In certain cases,

buoyancy effects reduce turbulence production at the wall region. In this

case the turbulent diffusion heat transfer mechanism is impaired, ren-

dering lower heat transfer coefficients. A thorough discussion of the

buoyancy effects on turbulent mixed convection flows can be found in S-4.

In this work we concentrate our experimental work on low Reynolds mixed

convection aiding flows where the flows are either laminar or low inten-

sity turbulent.

A special designed instrumented rod is used in this work to obtain

detailed clad temperature measurements at any axial position. This

instrumented rod is placed in the center of the 19-pin wire wrapped

bundle. Temperature data are obtained for low flow mixed convection

aiding flows. Based on this data, an empirical formula for the average

heat transfer coefficient is proposed.
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4.2 Literature Review

All experimental and analytical work reviewed in this section was

performed under constant heat flux boundary conditions. Halman (H-1) per-

formed temperature and heat transfer coefficient measurements for mixed

convection aiding laminar water flows in circular tubes. He suggested the

following correlation for accurate approximation of his data:

Nu = 1.40 ( -q)0.28 = 0.95 (Gr9)0.28 (4.1)

for 4 x 10 2 < < 4 x 104

where Nu is the Nusselt number. The physical properties in the above

dimensionless numbers were evaluated at the average fluid temperature bet-

ween the pressure taps that were used for pressure drop measurements. The

pressure taps were placed at an appropriate distance from the entrance, in

order to assure fully developed flow conditions. Halman also performed

analytic calculations for fully developed laminar mixed convection flows

in circular tubes. The analytic predictions were in excellent agreement

with the experimental results. (see H-1 and also Figure 4.8)

The same type of data but using sodium as the working fluid were

obtained by Wendling et al (W-9). They suggested the following empirical

correlation:

Nu = 2 + 0.21(G)0.28 (4.2)

These data are in agreement with similar data obtained by Volchcov et al.

(as reported in W-9). However, they are significantly lower than Halman's

data and the circular tube analysis.
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Recently, Gruszczynski and Viskanta (G-4) performed heat transfer

studies in a 7-pin bare tube bundle, arranged in a triangular array with

P/D = 1.25. The flow in the bundle is driven through a natural cir-

culation loop. Mixed convection flow conditions were established in the

7-pin bundle since:

Gr
103 4 _ q 3.6 x 103 (4.3)

Re

where the bars indicate average values for the whole tube length,

including the hydrodynamic and thermal entrance region where the flow is

still developing. After some algebraic manipulation we recast their heat

transfer data as a function of Gr /Re (See Appendix A.4.1):

Nu = 2.8 x 10-3 (G 0.87 r0.49  (4.4)
Re

Note that Nu given by equation 4.4 represents an average value over the

whole heated length. In addition the authors do not report the exact

angular positions of the thermocouples employed for temperature measure-

ments. It cannot be concluded therefore, whether the Nusselt number is

also averaged along the peripheral direction.

Yang (Y-2, Y-3) performed numerical studies for fully developed mixed

convection flows in infinite arrays of bare rods in both square and

triangular arrangements. He found that for a given P/D both Nu number and

friction factor coefficient increase with Gr /Re.
q

Recently Wang (W-7, W-8) performed a similar type of numerical

analysis for fully developed mixed convection flows in isolated cells.

Nusselt numbers versus Gr /Re were presented for both aiding and opposing
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flows and for interior, edge and corner subchannels. Different P/D values

were also studied. After reducing their data, we found that for the same

Gr /Re number, the Nusselt number decreased with P/D. It is interesting

to note that Wang used a different dimensionless parameter to plot his Nu

number results, namely the RaD which was defined as follows:

Ra = Pr Gr 3T*/az* D (4.5)D D T D

where Gr D = 2 0  (4.6)
V

D is the rod diameter and T*, z* are dimensionless quantities defined in

Section 1.4. The parameter RaD can be expressed in terms of the Gr /Re

parameter as follows: (See Appendix A.4.2)

Gr D 4
RaD = 4 .() (4.7)

Plotting his Nusselt numbers as a function of RaD Wang found that for

the same RaD, Nu increases with P/D. As stated above, exactly the oppo-

site happens when the Gr /Re parameter is employed. This "paradox" can be

explained using the following relations:

Gr a -
~ De4 P ~ De De4 D (4.8)
m m

RaD = 4 ( ) (49)
m

For interior subchannels:

De 2 /3 P 2 1 (4.10)
D- =Tr ( -9 T (-0
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Therefore

Gr
--q .Lq D5  2 /3 (P/D)2 - 1)4 (4.11)
Re -* 4

m

Grq2V3(/2 14
or - ~ Ra 2/3 (P/D)2  4 (4.12)

From equation 4.12 observe that for constant Gr q/Re the RaD number

decreases with increasing P/D. In addition Wang's results indicate that:

Nu increases with RaD (P/D = const.)

Therefore the fact that for Gr /Re = constant, the Nu number

decreases with increasing P/D, can be attributed to the corresponding

decrease of the RaD number, and this explains the paradox.

Currently there is no published experimental study of mixed convec-

tion heat transfer in wire-wrapped rod bundles. In this work we perform

temperature measurements under the above conditions for the instrumented

center rod of our 19-pin wire-wrapped rod bundle. The instrumented center

rod is described in the next section. In all measurements the power

distribution was uniform.

4.3 The Instrumented Rod and Wall Temperature Measurements

4.3.1 The Instrumented Rod.

The concept of the instrument rod we adopted was developed by

Stephens et al. (S-9) and modified by Symolon (S-4). A similar experimen-

tal technique was also presented by Rehme (R-6). The instrumented rod

design employed in this work closely parallels that in S-4. Figure 4.1

presents a detailed schematic of our instrumented rod. It consists of
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mainly three pieces, a copper tube C, a stainless steel tube A and a

copper rod B (see Figure 4.1). Pieces A-B and A-C are silver soldered

together in order to assure both durability and good electrical contact.

(Note that pieces A and C are not directly connected. Another copper

piece D is silver-soldered between pieces A and C.) The stainless steel

tube A has a 3/4" diameter and total length of 64" (162.56 mm) which

corresponds to the heated length of the rest of the rods. This tube A is

heated by high voltage alternating current going through all pieces B-A-C.

Since the electric resistance of copper is much lower than that of

stainless steel, practically all ohmic heat is generated in part A.

Wall temperature measurements are performed at the interior wall of

stainless steel tube A using thermocouples. Figure 4.2 gives a more

detailed schematic of the thermocouple support mechanism. As both Figures

4.1 and 4.2 indicate two thermocouples are placed at the top ends of two

copper pins. These copper pins are pressed on the tube walls by a small

spring. The thermocouples are in good thermal contact with the copper

pins. The copper pins in turn are in thermal contact with the tube walls.

Extensive work with the instrumented rod revealed that steady

state temperature conditions on the copper pins (and therefore at the

thermocouples) are established within 5 to 10 seconds. Details about the

accuracy of the temperature measurement will be given in the next

paragraph.

As discussed earlier, the instrumented rod is heated by an alter-

nating current produced by a transformer with maximum power rating of

18 KVA. This transformer is directly connected to the instrumented rod

using heavy duty power cables. These cables are soldered at the top of
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tube C and bottom of rod B respectively.

One major problem for the introduction of the instrumented rod was

the electrical insulation of the rod from all other conductors that happen

to be in contact with it. Such conductors were the stainless steel wire

spacers of the instrumented rod itself as well as of the neighbor rods.

This problem was solved by replacing all stainless steel wire spacers of

the instrumented rod and the six neighbor heater rods with non-conducting

plastic wire spacers made from teflon. The teflon material was selected

based on its relatively good hardness characteristics and its high tem-

perature melting point. It is also flexible enough to allow wrapping

around the rods.

In order to glue the teflon wire-spacer on the stainless steel rods a

two part special epoxy adhesive made by CHEMGRIP was used. This epoxy

adhesive requires that the teflon material is chemically etched before

application. The etching procedure consisted of dipping the teflon into a

50% solution of napthalene flakes in a THF solvent to which metallic

sodium has been added. The resulting epoxy bond can withstand tem-

peratures well above 150 degrees C.

During the course of the heat transfer experiments some epoxy bonds

failed and some dislocation of the teflon wire at the visible exit region

of the bundle occured. It was necessary therefore to check if any dislo-

cation had occurred in the middle and upper middle section of the bundle

were most of the instrumented rod temperature measurements were performed.

After disassembling the bundle, it was found that despite the

fact that 30 to 40 percent of the epoxy bonds in this region had failed,

the teflon wire spacers remained in place due to sufficient mechanical
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support provided from the tight rod bundle.

4.3.2. Wall Temperature Measurements and Error.

Before the instrumented rod (IR) was assembled into the rod bundle,

it was tested in a hot bath of water at 80*C. Both thermocouples gave a

reading of 80'C. The test was repeated for a hot bath of 40*C with simi-

lar results. In both cases the IR was not heated and therefore the

exterior wall temperature Twe of the IR is expected to be equal to the

interior wall temperature Twi. The accuracy of our thermocouple reader

is 0.50F.

Since the IR measures Twi only while Twe is needed for Nusselt number

calculations, a simplified analysis is performed in order to estimate a

conservative value for the parameter I - (Twi-Twe)/(Twe-Tb). Tb is the

bulk temperature of the surrounding fluid. Note that the temperature dif-

ference Twe-Tb is used for Nusselt number calculations. In order to

simplify the analysis we assume that the IR is indirectly heated from some

internal heat source rather directly heated by the passing electrical

current, as Figure 4.3 indicates. Then

(T - T ) > (T - T ) (4.13)
w. we indirect w. we direct

Assuming that the heat flux q" is constant through the IR wall take:

(T T )(w. - Tw
k 1 e a = h (Tw -b) (4.14)

where k w - 46.0 W/m*K (steel conductivity at 50*C)

k = 0.63 W/m*K (water conductivity at 40*C)

6 = 0.53 mm (IR wall thickness)
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and hf is the convective heat transfer coefficient.

From equation (4.14) obtain I as:

w - we hf De kf 6
I=Te- Tb ~ k 7- De

kf b
or I Nu (4.15)

w

where De(= 0.01085 m) is the hydraulic diameter. As our experimental

results indicate the maximum value of the Nusselt number Nu for the range

considered was around 19. For Numax equal to 20, equation 4.15 gives I

equal to 0.014. In other words:

(T - Tb) ~ 1.014 (Tw - Tb) (4.16)
1 e

From equation 4.16 it is concluded that the IR can be used to estimate

(Twe-Tb) with less than 1.5% error.

4.4 Results and Discussion

4.4.1. Instrumented Rod Temperature Measurements.

Using the instrumented rod (IR), wall temperature profiles were

measured along the axial and peripheral directions. Measurements were

performed at the middle and upper part of the heated zone. As discussed

in Chapter 3, the flow is expected to be "fully developed" at this region

(For wire wrapped rod bundles the term "fully developed" is used here to

indicate periodically similar flow conditions.)

Figure 4.4 gives some typical temperature profiles along the

periphery of the IR at a given axial level. The Gr /Re parameter is

3equal to 1.3x10 The position of the wire-spacer for the given axial
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level is indicated by the black circles. The temperature profile, plotted

in a polar diagram, includes data from both IR thermcouples indicated by

circles and triangles respectively. Note that the temperature peaks at

the periphery region where the wire-spacer is located. Another secondary

peak is recorded exactly at the opposite wall region where the wire-spacer

that belongs to the neighbor rod is located. Figure 4.5 gives some typi-

cal temperature distribution data along the axial direction by both IR

thermocouples. The thermocouples are kept in a constant angular position

while they are moving along the axial direction. The positions 1 through

7 in Figure 4.5 mark various axial levels which correspond to the wire-

spacer positions at the right hand side of Figure 4.5. The same qualita-

tive conclusions can be drawn here as in the case of Figure 4.4. The

temperature profiles peak at the vicinity of the wire-spacer location.

For data reduction purposes, the temperature data of all runs were

plotted in the form of Figure 4.6a. The vertical bars in this Figure indi-

cate the thermocouple reader resolution capability which was 10F. Figure

4.6b presents similar data for a high Gr /Re case. In all cases the tem-

perature profile peaked at the wire-spacer region.

From our data in the form of Figures 4.6 (a) and (b) the following

information was extracted:

(a) The average wall temperature Tw
(b) The maximum temperature variation along the circumference of

the Instrumented Rod: ATmax = Tmax - Tmin
w w w

This information was subsequently used for quantitative analysis as

discussed next.

4.4.2. Nusselt Number Estimation and Error
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Based on the above temperature data the circumferentially averaged

Nusselt number was estimated as follows:

" De
Nu = k Ae (4.17)

f

where IR : Instrumented Rod Heat Flux

De : hydraulic diameter of the bundle

AT = Tw(z) - Tb(z)

and kf : fluid thermal conductivity evaluated at Tb(z).

From equation 4.17 we express the Nusselt number estimation error eNu

ANu/Nu (where ANu is the uncertainty) which can be estimated as follows:

eNu e" + eAT (4.18)
Nu qIR A

The IR heat flux was estimated as follows:

- = IN c
IR DL DrDL (4.19)

where D is the IR diameter and L is the heated length. P N is the nominal

power supplied to the IR. This quantity was measured using a voltmeter

and an amperometer. However due to power losses at the power cables con-

nected with the IR, a loss coefficient c was introduced in order to

account for these losses. The loss coefficient was experimentally esti-

mated by measuring total temperature rise due to IR heating only. The

rest of the rods were kept at zero power. The c coefficient was estimated

as follows:
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C
c = (4.20)

PN

where P c was calculated from thermal balance considerations. The parameter

c is plotted in Figure 4.7 as a function of N. The estimation error for

fC is obtained as:

ep = er, + ec (4.21)
c N

where epN = 10% : Readout error.

ec = 2.0% : Data scatter error in Figure 4.7

Note that the ec is not independant of epN. Therefore we conclude that

e ~ =10 - 12% ~ e-"
c R

Next estimate eAT which, based on the definition of AT equals

ATw + ATbeA T wTb

Tw - Tb

In our work Tb(z) is the average bulk fluid temperature at elevation z,

estimated by linear interpolation:

Tb(z) = T + (Tout -Tn) (4.22)

The Tb temperature estimation error is of the order of 0.20 C. The

average temperature T 4z) is calculated based on the IR data, as explained

in the previous paragraph:

12
T w= T wi (4.23)

wiw,
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Since T Tw and the resolution error for each IR measurement ET ~,

1*F then AT < 0.1*F. One additional source of uncertainty here is thew

fact that all interior subchannels do not experience the same heat input

due to uncertainties in dialing the heat input per heater rod. This

"additional nonuniformity" in the subchannel temperatures will directly

affect T . However due to the averaging process the total error ATw is

small, less than 0.4*F. Finally the total error for AT estimation is

expected to be less than 0.40C. For a typical mixed convection run,

Tw - Tb was around 5.5*C or higher. Therefore

e AT 7.5% .

In summary, refering to equation 4.18, the maximum error for the

Nusselt number estimation eNu is less than 12.0 + 7.5 = 19.5%. This

error increases for the laminar forced convection case because AT is

smaller approximately 1.5 to 3.0*C.

Figure 4.8 presents our Nusselt number data (open triangles), as

estimated from equation 4.17, together with Halman's analytic solution for

fully developed flows in circular tubes (H-1) and Wang's et al. solution

for bare rod bundles with P/D = 1.25. (W-8). The Gr /Re parameter is

estimated in the same way as in Chapter 3. Based on our data we suggest

the following empirical correlation;

Nu = 3.11 (Gr /Re)0. 178  (4.24)

for 10 <k Gr q/Re < 2.0 x 10 and 330 < Re < 670

Using the Figure 4.8 the equivalent Nusselt number under forced convection

Nu (Gr + 0) is estimated equal to 8.0. Then equation 4.24 can be written
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as follows:

Nu/Nu0 = 0.39 (Gr q/Re) 0 . 178  (4.25)

The corresponding Nusselt number for the circular tube results is

given by the empirical formula of Halman:

Nu = 1.40 (Gr /Re)0.28 (4.26)

where Gr /Re > 100

Refering to Figure 4.8 our wire-wrapped rod bundle data are in good

agreement with the bare rod analytic solution for the Gr /Re region that

overlap. However when compared with the circular tube results, the wire-

wrapped bundle data exhibit the following differences:

(a) The magnitude of the Nu number is higher for the wire-wrap data

and the bare rod analytic prediction.

(b) The slope of the Nu versus Gr /Re curve for the wire-wrap curve

is smaller than the slope of the circular tube data curve.

(c) The wire-wrap Nu data level off or even decrease for Gr /Re>103 .

Note that the corresponding Re number for this case ranged between 550 and

630. No such behavior is observed in the cirucular tube data.

Observation (a) above is due to the geometrical differences of the

duct cross-section. For the slope differences however (observation (b)

above) it is not clear whether they are due to rod bundle geometry in

general or due to the presence of the wire-spacer in particular. In order

to clarify this point, the bare rod analytic solution should be extended to

higher Gr /Re numbers. Finally the "leveling off" phenomenon, discussed

in observation (c) above can be attributed to turbulence effects as
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explained below.

Extensive work in turbulent aiding flow mixed convection revealed

that the heat transfer coefficient may decrease with Grq number

increasing, due to flow relaminarization phenomena. (For an extensive

literature review see S-4). Here the turbulence generation at the wall

region is drastically reduced due to development of inflection (zero

gradient) points of the velocity profile at this region. This renders the

Nu number smaller since the turbulent heat transport mechanism is

decreased. Most of our data were taken under turbulent flow conditions

for Gr /Re > 103 and 550 < Re < 630. In contrast, most of Halman's
q

circular tube data were in laminar flow for the same Gr /Re range (H-1).

It is appropriate therefore to assume that there is a geometrical effect

on the flow stability and on the onset of transition to turbulence which

in turn directly affects the heat transfer characteristics. It is recom-

mended that stability maps be constructed for both bare and wire-wrapped

bundles to define the range of the Gr and Re parameters under which dif-

ferent heat transfer characteristics are to be expected. Such a stability

map was constructed for a 2 x 2 square array of rods under aiding mixed

convection flow conditions (E-1).

4.4.3. Nusselt Number Bulk Temperature Correction

In the Nu number definition, equation 4.17, the temperature difference

AT = Tw - b was based on the bundle averaged fluid bulk temperature Tb.

In some practical applications of Nu number correlations (subchannel ana-

lysis and porous body code development) another AT definition is required

namely:
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A T = Tw (z) - 7 (z) (4.27)

where T indicates the average local fluid temperature at the region

around the heated rod on hand. In the case of our experiment, T is the

average temperature of the water at the six interior subchannels

surrounding the instrumented rod. Note that:

T (z) > Tb(z) (4.28)

since for uniform power conditions the power-to-flow ratio is higher for

the central region of the rod-bundle. Therefore:

Nu, > Nu (4.29)

where Nu is based on AT equal to (Tw - T*

The measurement of T is a tedious experimental process, requiring

the use of many thermocouples for different axial levels. In order to

avoid these experimental complications, we did not measure T in this

this work. In what follows we propose an indirect way to measure T and

therefore to estimate Nu We assume that the ratio:

R = b 4.30)
w -b

remains constant for all axial positions in the "fully developed" region.

This assumption is a direct extension of the definition of "thermally

fully developed flows" in ducts to the wire-wrap bundle case. This assump-

tion, while adequate for practial purposes, is not theoretically true
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since T should exhibit a weak periodicity with period of 300 angular

rotation of the wire-spacer. The ratio R can be experimentally determined

by measuring at the exit plane of the rod bundle the temperatures T and

Tb (= Tout) and by estimating Tw - b using equation 4.17:

R =b Nu (4.31)

qZR De/kf

Using equation 4.31, Nu can be estimated as:

T- b 1 (.2Nu, =Nu - w = Nu (1 R) (4.32)

w T

Additional experimental work is needed to estimate the ratio R as a

function of Gr /Re. It requires a consistent experimental approach to

measure T and Tb by measuring all exit subchannel temperatures and calcu-

lating T and Tb as arithmetic averages of the corresponding subchanels.

4.4.4. Maximum Rod Wall Temperature Variations

From the instrumented rod temperature data along the periphery of its

surface the maxium wall temperature difference ATwmax can be estimated.

As explained for Figure 4.5, the maximum wall temperature occurs at the

vicinity of the wire spacer whereas the minimum occurs at 90* degrees

from the location of the maximum temperature.

In Figure 4.9 the dimensionless temperature difference:
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Tmax - Tmiin

w,max (4.33)
qDe/k f

is plotted against the Gr /Re parameter. The large scatter of the data is

due to the fact that in the difference operation in equation 4.33, the

uncertainties for each temperature measurement are summed up resulting in

a relatively large error of 2.0*F. Note that the corresponding error for

7w estimation was less than 0.40F.

As expected the AT* parameter decreases when the Gr /Re parameterw~max q

is increased. As it will be discussed in the next chapter the subchannel

fluid temperature profile tends to get smoother as the buoyancy effects

become more pronounced. Consequently the temperature gradients in the

solid surfaces decrease accordingly. This observation is important for

the materials analyst since it states that in the wire-wrapped rod

bundles the dimensionless temperature difference AT* attains itsw,max
maximum value under forced convection conditons.

Based on the data of Figure 4.9, a conservative estimate for the

forced convection limit of AT* is 0.1. Note that IR temperaturew~max

measurements under in water laminar forced convection conditions are

extremely challenging to due to

(a) small temperature gradients (to be measured) and relatively large

resolution error ( 0.5*F)

(b) thermal stability problems. Even 0.50F change in the inlet

temperature may cause severe error.

Recall that all data were taken under uniform power distribution. It

is expected that power skew conditions will increase the values of AT*w,max
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It is recommended therefore that experiments be repeated under power skew

conditions and with improved temperature instrumentation (with resolution

less than 0.2*F).
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CHAPTER 5

SUBCHANNEL VELOCITY AND TEMPERATURE DATA

5.1 Introduction

Subchannel velocity and temperature data are needed for

validation/calibration studies of numerical programs that perform thermal

and hydraulic analysis of wire-wrapped rod bundles. In the mixed convec-

tion regime, subchannel temperature data for sodium flow in a 61-pin,

blanket geometry, rod bundle under power skew conditions were presented in

E-5 and M-2. In this work we obtain detailed, subchannel temperature data

for water flows at the exit region of our 19-pin wire-wrapped bundle under

mixed convection and power skew conditions. In all our runs, the

Reynold's number was kept below 1250.

The use of subchannel velocity data for code validation allows

calibration and testing of the hydrodynamic constitutive models built into

the code. Currently there are no subchannel velocity data for flows in

rod bundles under mixed convection conditions. Additionally, there is

only one study for laminar, isothermal flows in wire-wrapped bundles

(C-4). In C-4 a Laser Doppler Anemometer was used to measure detailed

axial and transverse velocity profiles in the edge subchannels of a wire-

wrapped LMFBR fuel assembly. No interior subchannel velocity profiles

were measured. In this work we perform subchannel axial velocity measure-

ments, in all subchannels at the exit region of our wire-wrapped rod

bundle, using a Hot-Film Anemometry technique. (HFA). All flows were

isothermal and the Reynold's number was less than 350. For reasons that
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will be discussed later, no mixed convection velocity data were obtained

in this work. However, a calibration methodology is outlined in order to

allow such measurements.

Our velocity and temperature data are used to validate ASFREMIT: a

new version of ASFRE numerical program which performs thermal and

hydraulic analysis of wire-wrapped rod bundles. The new hydrodynamic

models of ASFREMIT are given in Chapter 7 and the code itself and the

validation studies are presented in Chapter 8. Next we outline the

calibration procedures for the Hot-Film Anemometry system used in this

work. The velocity and temperature data are then presented and the most

important characteristics of these data are discussed.

5.2 Instrumentation and Measurements

5.2.1 The Hot-Film Probe Anemometry System.

The Hot-Film Anemometry Technique was selected for axial velocity

measurements of water flow in all interior, edge and corner subchannels.

This technique made full advantage of the fact that the upper plenum was

made free of piecing rods and open, in order to allow instrumentation to

be inserted from its top and access the exit region of rod bundle.

Several other options were considered and rejected. Laser Doppler

Velocimetry cannot be used for velocity measurements in triangular rod

arrays unless the whole bundle (including the wrapper tube and the heated

rods) is optically transparent. This of course cannot be accomplished in

the case of heated rod bundle experiments. Furthermore, flow visualiza-

tion techniques were also excluded due to the fact that they allow velo-

city measurements at the peripheral subchannels only.
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A custom built TSI Hot-Film Anemometry probe was employed. A schema-

tic representation of this probe is given in Figure 5.1 This probe is a

slight modification of the TSI 1264W miniature cone probe with quartz

coated Hot-Film. The reason for selecting a miniature size conical probe

was that the small diameter of the probe support cylindrical tube (1.5 mm

diameter, as shown in Figure 5.1) has a minimum impact of the velocity

field. Note that even at the narrow gap region, the average gap width of

4.7 mm is three times larger in size than the miniature probe diameter.

A TSI Model 1050 general purpose Anemometer, a TSI Model 1051-2

Monitor and Power Supply module and a TSI Model 1040 Temperature and

switching module completed our HFA system. The 1050 model bridge was used

in a constant temperature mode for velocity measurements whereas the model

1040 bridge was operated in a constant current mode for temperature

measurements. The Model 1040 provided also a mechanical switch to select

one of the two bridges. In summary, model 1040 allows simultaneous velo-

city and temperature measurements using the same probe. The knowledge of

temperature is required to calibrate the velocity measurement since the

later is a strong function of temperature also (see paragraph 5.2.3).

However one major obstacle in using Model 1040 is the fact that the

resistance of the electrical contact of its switch may change substan-

tially each time a new bridge is selected. In practice the error in velo-

city estimation due to this variability of the electrical contact was

as high as 50%. As will be discussed later, that was the main reason

that prohibited us from extending our velocity measurements from isother-

mal to mixed convection flows.
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5.2.2 Probe Driving Mechanism and Geometrical Considerations

Both velocity and temperature measurements were performed at the exit

plane of the 19-pin wire-wrapped bundle. Figure 5.2 gives a schematic top

view of the exit region of the rod bundle. The location of the wire-

spacer at the exit plane was approximately at -10* to -15* from the

reference position. Note that the geometrical conditions portrayed by

Figure 5.2 are ideally symmetric. The real gap dimensions at the exit

plane are indicated in Figure 5.3. The number given at each gap in Figure

5.3, multiplied by 1/64" gives the gap size in inches, as measured at the

exit plane. Note that the gap sizes varied substantially, with an average

size of 12/64" and maximum deviation of 20%.

Figure 5.3 also indicates the locations within each subchannel at

which velocity and temperature measurements were performed. The final

subchannel velocity or temperature was calculated as an arithmetic average

of these measurements. Approximately 9 to 10 locations for each interior

subchannel were sampled. For edge subchannels, 13 to 15 locations were

sampled, depending on whether the wire-spacer was present or not.

The HFA probe was operated in a vertical position with the tip of the

probe in a downward position at the bundle exit plane. In order to

move the probe from location to location within each subchannel and in

all 48 subchannels in a quick, reliable and accurate way, a probe driving

mechanism was designed and built. A schematic representation a top view

of this mechanism is given in Figure 5.4. The driving mechanism consists

of the following parts: (see Figure 5.4) (a) Support Cube (b) Driving

Rods (c) Rotating Disk, and (d) Driving Disk. All pieces were made from

aluminum except the Driver Rods that were made from stainless steel. The
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Support Cube holds the HFA probe which fits in its central hole through

the use of set screws. The probe may move up and down in order to adjust

the final vertical position of the tip of the probe along the z-axis. The

Cube may also slide along the two Driving Rods. These rods are marked so

that any Cube position along the Rods (radial direction) can be easily

reproduced. The Driving Rods are fixed on the Rotating Disk of Figure 5.4.

This disk in turn may assume any angular position (6-direction) by simply

rotating it within the Driving Disk. The Driving Disk is firmly supported

on the upper plenum walls and it is connected with the Rotating Disk

through a male-female type of connection. The Rotating Disk is also

marked so that any angular position 6 may be easily reproduced.

5.2.3 Hot-Film Anemometry Calibration

In order to calibrate the HFA probe for velocities ranging from 0 to

5.0 cm/see in water flows, a special calibration apparatus was designed

and built, as shown in Figure 5.5. Following Dring and Gebhard (D-3), the

probe was fixed in space using the probe holder whereas the cylindrical

water tank made from PVC could move up and down with the help of a DC

electric motor and a counter weight. The speed of the motor was

controlled by a DC Motor Speed Controller, made by Bodine Electric

Company. Therefore the speed of the transversing cylindrical tank was

accurately controlled through the DC Motor controller. In Figure 5.6, the

calibration curve for the tank velocity versus the motor dial is pre-

sented. The tank velocity was accurately estimated (with less than 1.0%

error) using reference marks and a stop-watch.

Next, the output voltage of the HFA bridge was calibrated against the

fluid (tank) velocity V, with the bridge operating in the constant tem-
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perature mode. It has been theoretically proven and experimentally

verified that VV - E2 (H-3). Following H-3, we correlate our data in

the following form:

= a + b VV (5.1)
E 0

where E is the bridge output corresponding to zero velocity and the same

fluid temperature.

The presence of the E in equation 5.1 accounts for the temperature

effect since both E and E are strong functions of temperature. In Figure

5.7 our calibration data are plotted as VV versus (E/E0)2 for two dif-

ferent water temperatures (22*C and 280C). Within the experimental error,

the following curve satisfactorily correlates our data:

~~ 2VV = 2.90 (E/E ) - 2.47 (5.2)

where V is the fluid velocity in cm/sec.

The zero velocity voltage E is a strong function of temperature. It

was experimentally found that for a 10C temperature increase, E

experienced a 0.065 to 0.075 Volt change. E typically ranged from 5.4 to

5.8 Volts. In a typical measurement E equals 5.6 Volts, E - 6.6 Volts

and the corresponding velocity (calculated from equation 5.2) is 2.428

cm/sec. For a AE uncertainty equal to 0.01 Volts, the velocity uncer-

tainty AV is calculated from equation 5.2 equal to 0.33 cm/sec. Therefore

the velocity estimation error e = AV/V is equal to 13.6%. Similarly we
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find that for lower velocity conditions, with E = 6.0 Volts, E = 5.6

Volts and AE = 0.01 Volts then eV = 21.0%.

For laminar mixed convection flows with water as the working fluid

the temperature is expected to vary 5*C to 10*C at the exit plane of our

bundle. Simultaneous E and E measurements are needed therefore in order

to accurately estimate the velocity V. In heated flows, E cannot be

measured directly. Instead, the fluid temperature Tf can be measured and

E is estimated using a E versus Tf calibration curve. This latter

calibration curve can be constructed using a stagnant pool of liquid at a

known temperature and measuring the HFA bridge voltage E0.

For simultaneous measurements of E and Tf, an additional bridge was

purchased (Model 1040) in order to allow the HFA probe to be used as a

resistance thermometer. After calibration of the probe, operated as a

resistance thermometer, the temperature resolution achieved was 0.20 C.

Unfortunately, as discussed earlier the electrical resistance of the

velocity-to-temperature mode switch was not reproducible, causing two

major problems: (a) When switching to Model 1040 bridge (constant current

mode for temperature measurements) the probe readout could drift as high

as 1.5*C (b) When switching to Model 1050 bridge (constant temperature

mode for E measurements), E could drift more than 0.1 volts. The com-

bined effect of these uncertainties yielded eV ~ 80 to 100% rendering the

use of model 1040 bridge for temperature measurements impossible. Since

the resolution of thermocouple systems is only 1.0*F, it was decided

to perform isothermal velocity measurements only until some more sophisti-

cated model 1040 switch or a high resolution thermocouple (attached close

to the tip of the HFA probe) is introduced.
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5.3 Exit Subchannel Velocity Measurements

5.3.1 "In-Situ" Calibration and Measurement Procedures

In this section the exit subchannel velocity data for isothermal

flows in our 19-pin wire-wrapped bundle are presented. All 48 channels

were scanned with our HFA probe for three different Reynolds numbers,

namely 316, 158 and 80. In all cases, laminar flow conditions are

expected to prevail. Nine to fifteen locations per subchannel were

sampled as discussed in 5.2.2.

In case of a bare interior subchannel (see Figure 5.3) 10 locations

were sampled: one at the subchannel center, three at the center of the

neighboring gaps, three at the half distance between the center and the

center of the gaps and three at approximately 1.0 mm from the central wall

region of the three surrounding rods. A similar approach was followed for

the bare edge subchannels as shown in Figure 5.3. Here again the distance

from the walls of the locations close to the walls is approximately 1.0

mm. These patterns of locations were chosen so that approximately one

third of these locations are situated at the vicinity of the wall region

and they are uniformly spread all over the subchannel area. When the

wire-spacer was present in a given subchannel, some necessary distortion

of these patterns occured as shown in Figure 5.3.

In order to minimize the time required to collect all these data the

following procedure was followed:

(a) Set the probe at the subchannel location desired.

(b) Set the flow rate at Re=316. Make sure that isothermal

conditions have been established and that T. =T . Measure
in out

bridge voltage E.
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(c) Set the flow rate at Re equal 158 and 80 respectively and

repeat step (b).

(d) Zero the flow and measure E . Use this value for all data

reduction corresponding to the position chosen in step (a).

(e) Choose a new probe location and repeat steps (b,c,d).

Note that it is more time consuming to accurately place the probe in

a new location than to select a new flow rate and establish steady state

conditions for a new voltage measurement. Therefore, the above procedure

is the least time consuming.

Finally one problem had to be resolved, namely the problem of the

calibration curve drift (equation 5.2) during the course of the above

measurements which lasted more than ten days. Dirt accumulation, chemical

corrosion and possible scratches on the surface of the miniature conical

probe significantly altered the behavior of our HFA system during the

day-to-day operation and, sometimes, even within the same day. The main

cause of this drift was the formation of tiny air bubbles within certain

"pockets" (or nucleation sites) on the probe surface, created by the above

phenomena. The drift was partially alleviated by carefully brushing out

dirt, corrosion products or tiny air bubbles, at least once a day, using a

soft brush. However the need of recalibrating the HFA system remained.

Transfering the HFA probe from its place in the driving mechanism at the

upper plenum to the calibration apparatus and vice versa was a very time

consuming process. It was decided therefore to employ an "in-situ"

calibration procedure in order to calibrate the probe without relocating

it to the calibration apparatus. The following steps were followed in

order to establish the "in-situ" calibration technique.
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(a) The probe was calibrated first using the calibration apparatus

of Figure 5.5. The calibration were VV versus (E/E0 )2 of Figure 5.7 was

constructed.

(b) Immediately after completion of the above step, the HFA was

transfered and installed in the probe driving mechanism at the rod bundle

upper plenum. No electrical cable was disconnected and connected again in

order to avoid any change in the cable resistance. The probe was placed

at a reference location within subchannel 27. The reference location was

chosen so that it would be easily accessible, as follows: it is the

location close to the center of subchannel 27 where maximum voltage E (and

consequently velocity) is measured for Re=316. For this position, the z,r

and 0 coordinates were recorded. Each time the reference was reaccessed,

the z coordinate was kept the same. However, the r and e coordinates were

sometimes slightly different due to the fact the (a) the probe support

mechanism is not perfectly rigid and (b) the position of maximum velocity

is not unique within our HFA resolution.

(c) With the probe at the reference location, the Reference Location

Calibration Curve (RLCC) is constructed as follows: For each flow meter

setting, the reference location velocity is estimated using the bridge

voltage measurement E and the HFA calibration curve of Figure 5.7. The

resulting RLCC is given in Figure 5.8.

Note that the RLCC once constructed does not drift as long as the

bundle geometry remains the same. In order to check and, if necessary,

recalibrate our HFA system the opposite system procedure is followed: The

probe is placed at the reference location and for each flow meter setting

the velocity V is estimated using the RLCC. The HFA calibration curve was
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then reconstructed using this velocity estimate and the corresonding E and

E measurements.

The "in-situ" calibration procedure was performed at the beginning of

a new series of data collection when the probe had not been operated for

more than 12 hours. The probe conical surface was always cleaned first

with a soft brush before calibration. It was found that while the slope

of the V - (E/E )2 curve remained practically the same, the constant of

equation 5.2 could change up to 20%.

5.3.2 Subchannel Velocity Data and Flow Split

Axial subchannel velocity measurements were performed at the exit

plane of our 19-pin wire-wrapped bundle for all 48 subchannels and for

three different Reynolds number cases, with the Re equal to 316, 158 and

80 respectively.

In order to get an estimate of the error involved in the subchannel

velocity calculation (equal to the arithmetic average of a discrete number

of local velocity measurements per subchannel, as discussed in 5.3.1), the

H FAaverage bundle velocity Vb was estimated from HFA measurements as

follows:

HFA 48 HFAVb =(I A Vk )/A, (5.3)
k=1 k

where

48
A = A k (5.4)

k=1

Ak is the real area of a given subchannel k and it is estimated using

the geometrical data of Figure 5.3.
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N
HFA k HFA

Also Vk = ( V k )/Nk (5.5)k=1

whr HFA
where VkHFAis a local measurement within subchannel k and Nk is equal to

the total number of locations sampled in the subchannel k.

22
It was found that A% = 50.13 cm2 This value is only slightly

higher than the real bundle cross-section area Ab = 48.46 cm2 which is

calculated based on the flat-to-flat distance and the rod and wire

diameter (see chapter 2).

In Table 5.1 the values of the summation ) AkVk are presented

separately for interior, edge and corner subchannels and for all three Re

number cases. The values of the velocity ration VHFA / VFM are also

FMpresented, where Vb is based on the flow meter measurement and calculated

as the ratio of the measured volumetric flow rate over Ab* Note that in

all cases this ratio is higher than one. This was expected since as

discussed in paragraph 5.3.1 most of the sampled location per subchannel

(approximately the two thirds of them) lie at that region of the

2-dimensional velocity profile where the velocity is expected to exhibit a

local maximum (see Figure 5.3). In estimating VHFA , there are two kinds

of errors involved:

(a) the discretization error, resulting in higher estimates of Vb and (b)

the random error which accounts for all other errors (HFA calibration

curve error, RLCC error, uncertainty of a location selection, etc.). An

estimate of the order of magnitude of the random error can be obtained

from the data scattering of the VHFA / VFM ratio, which according to

Table 5.1 is of order of 12.0%. Note that for laminar flows this ratio is
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TABLE 5.1 Flow Split Data

I AeV

(cm 3/sec)

72.95

38.64

17.0

Z AcV c

(cm 3/sec)

11.8

5.16

2.31

TABLE 5.2 Flow Spl it Data by Chen,

with P/D = 1.25 and Re

H/D I

24

48

Ip and Todreas (C-4)

640

X 2

1.24

1.19

Case

1

2

3

Re

316

158

80

( A / sec

(cm 3/sec)

59.38

29.15

13.53

vHFA/ FM
b b

1.123

1.137

1.024

x 2

1.120

1.146

1.121
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expected to be constant so that the above data scattering indicate the

presence of a random error. More data are needed in order to determine

whether this 12.0% is a high or a low estimate of the random error. At

this point is reasonable to assume from equation 5.3 that the random error

of Vk estimation is also of order of 12.0%.

In Figure 5.9 some subchannel velocity data are presented for a

continuous row of subchannels (see also Figure 5.2 for subchannel

numbering convention). For reducing the data of Figure 5.9, Vb was taken

equal to VbHFA Note that in estimating the VHFA VHFA ratio only the

random error is involved since the discretization error is canceled out.

Therefore, the total error of Vk /Vb estimation is expected to be of order

of 12+12=24%. Referring to Figure 5.9 the following remarks can be made:

(a) The presence of the wire-spacer within an interior subchannel

causes a substantial velocity drop which is higher for lower

Reynolds numbers.

(b) At the edge subchannels the velocity is generally higher than

the velocity in the interior ones. This velocity difference

tends to increase with decreasing Reynold's number.

In general the velocity profiles tend to become flatter with

increasing Reynolds number. These trends have been established under

turbulent flow conditions (C-8). In our velocity data, the Re effects on

the velocity magnitude lie well within the estimated random error bars for

these data. Therefore more data are needed before these trends can be

fully supported.

Based on the data of Table 5.1 the flow split parameter X was

calculated. The flow split for the edge subchannels is defined as
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follows:

edge HFA

X ~k k(56
2 48 (5.6)

I Ak VHFA
k=1

where the summation in the nominator of equation 5.6 is performed over the

edge subchannels only. The flow split parameters for interior and corner

subchannels are similarly defined. The edge flow split parameters for the

three Reynolds number cases are presented in Table 5.1. According to this

data, X2 is of order of 1.12 to 1.15. No definite trend with the Reynolds

number can be established from these data. Note that the velocity data of

Figure 5.9 indicate that X2 increases with the Re number decreased.

However, as discussed earlier, due to the large error involved, this

latter trend cannot be fully supported.

There is only one other experimental work presenting laminar flow

split data. Chen, Ip and Todreas (C-4) used a laser doppler anemometer to

measure the axial velocity profile for the edge subchannels of a 61-pin

wire-wrapped bundle with P/D = 1.25. Two different H/D cases were

explored. Table 5.2 summarizes their laminar flow split results. These

results show that X2 increased with H/D decreasing and that the order of

magnitude of X2 for H/D equal to 35 (which corresponds to our geometry) is

1.22 to 1.23. This estimate is around 9.0% higher than our estimate.

Given the magnitude of the random error involved in the velocity estima-

tion ( 12% in our case) this deviation is well within the experimental

error expected. However, we expect that Chen's, et al. flow split results

are overestimated due to the following reasons. Their subchannel average



142

velocites were calculated as an arithmetic average of 32 to 42 local

measurements per subchannel. Most of these local points were distributed

in the center of the edge subchannels as was the case in this work. It is

expected therefore that the edge velocity is overestimated. In contrast

with our work, the bundle volumetric flow rate required in the denominator

of equation 5.6 was estimated using flow meter measurements. Consequently

the systematic error in the numerator of equation 5.6 is not canceled by a

similar systematic error in the denominator (as is the case in this work),

yielding higher X 2 estimates.

5.4 Exit Subchannel Temperature Measurements

Subchannel temperature measurements were performed at the exit plane

of the 19-pin wire-wrapped bundle. The subchannel average temperature was

estimated as the arithmetic average of local temperature measurements,

performed at the same locations as in the velocity measurement case. (see

Figure 5.3).

Five different runs were performed for various levels of the Gr /Re

parameter. In all cases the power skew was kept constant and equal to

5:1. Runs T1 and T2 are presented in Figure 5.10 and runs T3, T4, and T5

in Figure 5.11. The flow rate was 3.1 x 10~4 m 3/sec for runs T1 and T2
-4 3

and 1.24x104 m /sec for runs T3, T4 and T5. Referring to Figure 5.2, the

high power rods are the three peripheral rods next to subchannels 4 and 1.

The three rods next to subchannels 42 and 39 are the low power rods. For

all runs in Figures 5.10 and 5.11 the power of a high power rods is given.

The power of a low power rod then is qmax /5. For example in run T1 all

high power rods are rated at 1000 W. Each of the four rods next to the
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high power rods are rated at 800W. The next five rods are rated at 600W,

the next four rods at 400W and finally the three low power rods are rated

at 200W each.

The Gr and the Re numbers were calculated based on bundle average

temperature, average heat flux and bundle flow rate.
Referring to Figure 5.10 observe that run T2 exhibits a flatter

temperature profile than run T1 which corresponds to lower Gr /Re number.

This trend was expected since it is well known that increasing buoyancy

forces reduce the peaks in the temperature profile. From Figure 3.8

observe that flows with Gr /Re at the vicinity of 1500 correspond to the

onset of mixed convection regime. Hence Run T2 with Gr /Re around 987

is still expected to be in the forced convection regime.

Runs T3, T4 and T5 are made at lower flow rates with Re - 400. Here

the temperature profiles are in general flatter than those in runs T1 and

T2. In addition these profiles become flatter with increasing Gr /Re. For

the interior subchannels the temperature profile experiences a dip when

the wire-spacer is present. This dip is more pronounced at lower Gr /Re

numbers.

Runs T1 through T5 were tested against MIT criterion for onset of

recirculation (S-4). In the flow recirculation regime, the flow at the

low power region stagnates or even reverses direction while the flow at

the high power region experiences further acceleration. The application

of this criterion indicated that recirculation did not occur in any of our

runs. Figure 5.12 illustrates the two cases most susceptable to flow

recirculation on MIT flow regime map. The large horizontal error bar

for run T4 is due to the fact that low Reynold's number (less than 800)
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cases are not covered by Symolon's graph solutions. It was necessary

therefore to extrapolate these graphic solutions down to the 400 Reynolds

number range.

A significant level of turbulence was present in all of our runs.

For steady state temperature measurements, with average temperature around

40*C, the temperature variation due to turbulence phenomena was 5.0 to

10.0*C. It is expected therefore that considerable amount of turbulence

mixing (induced by the buoyancy effects) occurs between adjacent subchan-

nels. Currently there is no models to predict the onset of buoyancy

induced turbulence or the amount of turbulence mixing in wire-wrapped or

bare rod bundles.
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CHAPTER 6

SUBCHANNEL ANALYSIS FOR TRIANGULAR WIRE-WRAPPED ROD BUNDLES

6.1 Introduction

In this chapter we discuss the formulation of the subchannel analysis

equations for bare and wire-wrapped triangular rod arrays. The subchannel

analysis approach was originally introduced for rectangular bare rod

arrays in order to perform thermohydraulic analysis in Light Water Reactor

fuel elements. Certain simplifying assumptions that were made for the

square array case cannot directly be extended for the case of triangular

wire-wrapped rod bundles. Here we discuss the implications of the

wire-wrapped spacer in the subchannel analysis formulation. Certain

recommendations are made for improvements in the formulation of the

pressure terms and of various geometrical parameters.

In addition the porous-body approach formulation is also discussed

and compared with the subchannel analysis approach. The most important

advantages of the subchannel analysis over the porous body approach are

outlined.

6.2 The Subchannel Analysis Conservation Equations

The mass, momentum and energy balance conservation equations in

integral form are (see for example (R-2) or (T-1))

Continuity: t + 1 ndA = 0 (6.1)

Momentum: <Pv> + 1 pPv(v-n)dA - (6.2)
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A+ 1
<p~g + f

Af

^% - ^% 1
(-pn + i-.n)dA + V f (-pn + ien)dA

Afs

a 1Energy: <ph> + Af ph(v-n)dA =

k e n-T>dA 
- JAg

+'dA 1
q ndA + V 0 > (6.3)

where V, Af, Afs are shown in Figure 6.1

v = velocity

n = unit vector normal to Af and Afs

h = enthalpy

T = stress tensor

ke = the effective fluid thermal conductivity

= the dissipation rate of mechanical energy into heat per

per unit volume

The brackets < > indicate volume averaging:

1 f(p> =. f 4idV
V

In the Lumped Parameter (LP) approach, these integral conservation

equations are discretized over a certain computation grid. Figure 6.2

illustrates different nodelization schemes that have been used in

triangular rod bundle analysis. Grids (a) through (e) are a tailored

along orthogonal (cartesian) coordinates and are used in the porous body

approach. Grid (f) corresponds to the numerical mesh that has been used

for the mass, axial momentum and energy balance equations in the subchan-

nel analysis approach. In application the axial momentum mesh is

staggered in the axial direction with respect to the energy and mass

<A> + V f A f
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(a) FULL-PIN MESH GEOMETRY

(c) FULL-PIN MESH GEOMETRY

(e) OUARTER-PIN MESH GEOMETRY

(b) HALF-PIN MESH GEOMETRY

(d) HALF-PIN MESH CEOMETRY

(f) SUBCHANNEL ANALYSIS MESH

GEO 'ETERY

FIGURE 6.2 DOROUS BODY AND SUBCHANNLE ANALYSIS MESHES FOR TRIANGULAR

ROD ARRAYS.
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balance equation grid. Also the lateral momentum numerical grid is

staggered in the horizontal direction. Typical mass balance and lateral

momentum balance control volumes (CV) for the subchannel analysis approach

are given in Figure 6.3.

The intergral equations 6.1, 6.2 and 6.3 can be discretized on the

CVs of Figure 6.3 to give the subchannel analysis equation. Todreas (T-1)

derived the subchannel analysis equations for square rod arrays based on

the more general porous body equations (for the latter see for example

(T-1) or (S-8)). The subchannel equations were presented in the following

form:

Continuity:

(1)

A -<p.>fi at

(2)

Am.
+ A

(3)

J
- ~iWi
j=1

(6.4)

Axial Momentum:

(1)

S- <l>
a~t 1m>

(2)

+ W w W}

(3)

A z )
+ AZ - (6.5)

(4)

Afi <p>gz - A fi

Transverse Momentum:

(1)

(W ) + $

(4)

(5)

-
j=1

(6) (7)

W.. (w - w.) -
1J 1 J)

(2) (3)

(W U A (W.{w}) =

(6.6)
(5)

AXAZ
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Energy:
(1) (2) (3)

A i [<ph>.] + -$ [i h =(q )rb
(6.7)

(4) (5) (6)
J *H 3dp.

~. W*H [h. - h.]- W {h* j+ Af <1>
j=1 j=1

where z = axial direction

x = transverse direction

w = local axial velocity

u = local transverse velocity

A = total axial cross sectional subchannel area

coincident to the area of the coolant flow

m. = flow rate for the subchannel i = f pwdA
Afi

{ } = indicates intrinsic surface averaging (intrinsic stands

for coolant flow area)

w. = {w}

W. . = transverse mass flow rate per unit length = {pu} s..

s = thickness of gap between subchannels i and j sij = P-D

(for nominal geometry)

p = pressure

* {pwu}
w w ~ pu}

F. , F. = total force on the fluid at x,z direction due to
1x1z

fluid-solid interaction
2 A f

Ax' = transverse length equal to X =2 s.
13

h = enthalpy =

h _ {phu}
- _PUT
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()rb = the equivalent dispersed heat source (or sink) per unit

length

In order to account for the presence of the wire spacer an empirical

model for the wire spacer forced crossflow of the following form has been

often introduced.

Wforced = i(D+Dw) (sij/Afi) (6/,z)m (6.8)

where D is rod diameter and DW is the wire spacer diameter, 6 is an

arbitrary parameter proportional to Az/H, and H is the wire-wrap pitch.

Subchannel flow areas and wetted perimeters are also adjusted to account

for the presence of a wire wrap in the subchannel. The forced crossflow

from equation 6.8 is then held constant while solving the transverse

momentum equations for the remaining cross-flows. More detailed

discussion of the various wire-spacer distributed resistance models will

be given in Chapter 7.

6.3 Inherent Assumptions and Limitations of the Subchannel Approach

6.3.1 Introduction

In this paragraph the inherent assumptions or limitations of the

subchannel analysis approach are examined with particular emphasis on

wire-wrapped rod bundles geometry. Before that, we briefly discuss the

most important features of fluid flows in wire-wrapped bundles.

6.3.2 Wire-Spacer Effects on the Flow Field

Lafay, Menant and Barroil (L-1) presented local pressure and

peripheral velocity measurements in a 19-rod wire wrapped rod bundle with

P/D = 1.188 and H/D = 18.75. Figure 6.4(a) gives the axial static pressure

evolution along a peripheral edge subchannel for different mass flow
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rates. Observe the local pressure disturbances when the wire spacer is

present. Figure 6.4(b) gives a plot of these disturbances as P(z)-P(z)

versus z where 7(z) is the average pressure at a given axial level. For a

given mass flow rate G the difference (P(z)-7(z)) exhibits a sinusoidal-

like profile stretching over one lead length. For locations upstream of

the position where the wire-spacer is in the gap (location between points

12 and 13 of Figure 6.4(b)), the static pressure exhibits a hump. This is

due to the decrease of the fluid velocity in the stagnating region

upstream of the wire spacer. Downstream from the wire spacer the static

pressure decreases, exhibiting a rather sharp trough, due to the

formation of the wake (separated boundary layers) region there. Note that

the maximum value of the static pressure decrease (7-P) in the wake region

is approximately three times as large as the static pressure increase in

the stagnating region. Figure 6.5, taken also from (L-1), shows the

variations of the swirl velocity at the gaps of the peripheral subchan-

nels. The swirl flow velocity here is given as u/V where V is the average

bundle velocity and u is the average transverse velocity at a peripheral

gap. The swirl flow in the peripheral subchannels tends to follow the

rotation of the wire spacer. However, this is only the case for the

average transverse gap velocities. Doppler velocity measurements by Chen,

Ip and Todreas (C-4) indicate that in some of the peripheral subchannels

the transverse velocities may form recirculation regions. Finally, Figure

6.6 is a schematic of flow visualization studies at the peripheral

subchannels. Lafey et al. noted that the flow downstream of the wire

spacer (horizontal arrow) is almost axial. However, after the boundaries

marked with a tilted vertical arrow, the swirl flow becomes larger (see

Figure 6.5) and the flow is even more inclined than the wire spacer
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itself. We speculate that the region exactly upstream of the horizontal

arrows corresponds to separated regions (wakes). At the location

indicated by the tilted arrow, the density gradients appearing in Figure

6.6 suggest that this is the location where the separated region is reat-

taching to the rod surface.

The above arguments can also be supported by the work of Sarno, Gori

and Andalo (S-1). They performed local pressure and velocity measurements

in a 19 rod bundle with water in turbulent flow. Figure 6.7 gives the

static pressure distribution at the circumference of each rod at a given

axial level. Note that for each rod there are two pressure zones, the

high and the low one. Each zone stretches over approximately 1800 of the

rod circumference. The wire spacer itself lies in one of the two boun-

daries between the high and the low pressure regions. Referring to

Figures 6.6 and 6.7 one can speculate that the low and high pressure a

of Figure 6.7 correspond to the wake and stagnating regions of Figure 6.6

respectively.

Ohtake, Urawashi and Takahashi (0-1) performed local velocity

measurements in a ~ 5:1 scale, turbulent air flow wire-wrapped rod bundle

with P/D = 1.19 and H/D = 34.8. Figures 6.8 and 6.9 give some of their

local transverse velocity fields for interior and peripheral channels

respectively. Their results closely parallel the Westinghouse results

(B-1). The heavy lines and the alphanumeral symbols in Figure 6.8 have

been added for later discussion.

Finally, Figures 6.10 and 6.11 give detailed axial velocity field

results from Westinghouse (B-1) and Lafey et al. (L-1) respectively. Note

that in both figures the velocity variations are of the same order of

magnitude.
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Based on the above experimental findings and in particular on the

visual observation reported in (L-1), we proposed in Figure 6.12 a schema-

tic model for the flow stagnation region and the wake region around the

wire-spacer. The stagnation region is defined as the region upstream the

wire-spacer, whereas the wake region is formed downstream of the spacer.

Based on this physical description of the wire-wrap effects on the

flow fields, we proceed to examine the validity of the subchannel analysis

approach for wire-wrapped rod bundle analysis.

6.3.3 Subchannel Analysis Approximation and Limitations

6.3.3.1 The Convective Terms

The most important limitation of the subchannel analysis

approach is the omission of the axial vorticity terms of the full momentum

flux array:

u u u w

4+
V -V=[v v v w (6.9)

w u w v w w

where u and v lay on a horizontal plane and w is the axial velocity.

The omitted terms are encircled in equation 6.9. Subchannel analy-

sis in principle can introduce these terms for square rod array analysis

(orthogonal gap directions). Theoretically though this is not true for

triangular rod arrays since the gap directions do not lay on an orthogonal

co-ordinate system.

For bare rod bundles this omission does not introduce serious errors

even for predominately lateral flows. This can be explained with the help

of Figure 6.13(a). It is seen that the momentum flux vector component:
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FIGURE 6.13(a): AXIAL VORTICITIES FOR LATERAL FLOWS

IN BARE ROD BUNDLES.

FIGURE 6.13(b): AXIAL VORTICITIES FOR LATERAL FLOWS

IN WIRE-WRAPPED ROD BUNDLES.
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uv = f p / - V dA (6.10)
Af, horizontal

will be close to zero since the axial vorticities tend to be symmetric and

counteracting each other. However, in the case of wire-wrapped rod

bundles the axial vorticity momentum integral given by equation 6.10 is

not expected to be negligible when the wire-spacer is close to the gap.

(see Figure 6.13(b)). In this case, the axial vorticity momentum effects

should be accounted on an empirical basis, since they cannot be modeled

within the framework of the subchannel anaylsis approach.

One other term that is also usually omitted in the subchannel

anaylsis approach is the u.u term in the lateral momentum equation (term

(2) in equation 6.6)

The term (2) = $-- (W .{u}) is usually negligible in comparison with

the term (3) = $ (W {w}) in the case of bare rod bundles. However, this

might not be the case for wire-wrapped rod bundles. This argument can be

supported with the data of Figure 6.8. For the transverse control volume

centered at gap (0), the momentum flux at the vertical side (4) is much

larger than the fluxes at the rest of the sides (1), (2) and (3).

Term (2) corresponds to the WAvert.W (I-n)dA term of equation 6.2 and

so order of magnitude analysis, using also Figure 6.8 gives:

(2) W (Vn)dA ~ W ~ (0.1 b 2

fAfverti cal i j-b

since the velocity across side 4 is approximately equal to the

velocity at the gap b.

U b = average bundle velocity
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The term (3) corresponds to the 1A fhoriz.W (V- n)dA term and so

(3) ~ fAfhorizontal W (-n)dA - W {w} ~

~ 0.08 Ub * Ub

These comparisons indicate that

order of magnitude

(2) (3)

Therefore, term (2) cannot be neglected.

However, the above result was based on a single axial level of the

subchannel. It could be that on the average (Az ~ H/12), the various com-

ponents of term (2) cancel out.

Some subchannel codes treat term (2) in a quite empirical way. COBRA

(S-2) for example adds vectorially the transverse momentum fluxes of the

adjacent gaps (gaps (a), (b), (c) and (d) of Figure 6.8. The vector sum

is multiplied with an arbitrary constant, to be estimated from data fit

analysis. This vectorial sum can be visualized in Figure 6.14. All the

vectors are projected on a reference direction which forms an angle

1 with the gap of interest. However, for any reference angle the vec-

torial sum of momentum fluxes at gaps (a), (b), (c) and (d) of Figure 6.8

equals zero, since the momentum fluxes at gap pairs (a), (b), and (c), (d)

are equal in magnitude and opposite in sign. On the contrary, the vec-

torial sum of the momentum fluxes on the vertical sides (1), (2), (3) and

(4) of the transverse control volume is not zero, as was discussed above.

Unfortunately, the transverse velocities at sides (3), (4) and (6)

cannot be calculated using the transverse velocities at gaps (0), (b) and

(d) and the continuity equation. Additional empirical information is



172

RERENCE DI RECTI ON

--(pv)
C HANNEL

CHANNEL

3 -- POS IT[ VE 0 1 REC= ON
FOR GAP 2

FIGURE 6.14: COBRA SCHEME FOR GAP REFERENCE ANGLES.

(Taken from reference T-1)



173

required for the magnitude and geometrical charactersitics of the axial

vorticity within the subchannel (odb) of Figure 6.8. Until then, a more

rigorous formulation of the term (2) cannot be developed.

6.3.3.2 The Pressure Terms

(a) Axial Momentum Equation

As it can be observed in equation (6.5), the pressure term is of

the following form:

<p> u- <p>
- Afi = A.i (6.11)

where u and X stand for upper and lower control volume surface respec-

tively. This formulation assumes that both the axial subchannel area and

pressure vary linearly with axial length. In this case, the force

Fw exerted by the fluid on the solids is given by:

Fw p> (A u - A ') (6.12)

where m stands for the middle section of a given control volume. Adding

F w, to the pressure force on the control volume Fp where Fp is given by:

F <p>u A u + p> AX (6.13)

and dividing by Az we get:

F + Fw Ami ( u - <p>) (6.14)

AZ INZ

Equation 6.14 is equivalent with the pressure term of equation 6.11.

In the wire-wrap case the linearity assumptions leading to the esti-

mation of Fw in equation 6.12, are not valid any more. Both area and

pressure vary non-linearly along the axis, when the wire-spacer is pre-

sent. In Chapter 7 a non-linear model for estimating Fw in wire-wrap rod
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bundles is presented. Since the wire-spacer/fluid force Fw is accounted

in these models, which are introduced into the subchannel analysis

equations via the distributed resistance terms (terms (7) and (5) in

equations 6.5 and 6.6), the correct form of the pressure terms:

-A u <p + A X p>
Pressure Term = 1 (6.15)

The only problem with this formulation is that it is succeptible to

numerical instabilities when the initial guess of the pressure field is

not "close enough" to the actual one. How "close" the initial guess of

the pressure field should be, depends on solution algorithm. Most of

the time the initial guess should bear some resemblance of the non-

linear effects of the final solution, in order to obtain stable con-

vergence of the solution algorithm.

(b) Transverse Momentum Equation.

The pressure term in Equation 6.6 can be written in the following

form.

A 1 = s (6.16)

The parameter s/k is well established in the subchannel analysis

literature and it physically represents the ratio of the gap size to the

distance between two neighbor subchannels. In COBRA series of codes, s/k

is specified by the user. Higher values of s/k will tend to downplay the

convective terms effects in equation 6.6 in favor of the pressure term

effects.

In the case of wire-wrapped rod bundles the formulation given in

equation 6.16 is not correct. This can be explained with reference to
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Figure 6.15, which gives a 3-dimensional view of the wire-spacer

cross-section with the transverse momentum equation control volume. In

this Figure, the wire is moving out of the control volume and physically

blocks a portion of the vertical face, VKOX, of the control volume. This

fact is not reflected in equation 6.16. A more appropriate form would be:

3 (Sp.
Pressure Term = -7 (Ac,i <ri> - Ac,j <j>) (6.17)

where V is the control volume and Ac,i and Ac,j are given in Figure 6.15

as follows:

A C,i = (SPYGS) + (PYZTP)

A cj = (KUWOK) + (VXOKV)

and V3/2 stands for COS(60*).

Note that for the case of Figure 6.15, A Ci is larger than Ac~j since part

of the A cj surface is blocked by wire-spacer. This pressure term formula

therefore corresponds to a variable s/ situation for each individual gap

and offers a geometrical modeling of the wire-spacer blockage effect.

Here again this approach is also susceptible to numerical instability

problems as the authors found here at MIT working on the ASFREMIT numeri-

cal program. To avoid these problems one can use the following

formula:

-$. A . A .
Pressure term = - ij ( c,i + c,j) (<Pi> - <pj>.) (6.18)

2 V 2 (p>-<p>)(.8
g

In equation 6.18 volume porosity effects are correctly modeled through

the use of the Vg parameter. V does not include the volume of the wire-

spacer. In contrast with equation 6.17, equation 6.18 does not fully

account for surface blockage (or surface porosity) effects in the pressure
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FIGURE 6.15: A 3-DIMENSIONAL VIEW OF A SUBCHANNEL AND A GAP.
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term. Note that an empirical coefficient may still be needed in equation

6.18 to account for the momentum terms, as discussed in 6.3.3.1.

6.3.3.3. The Distributed Resistance Terms

The distributed Resistance terms (7) and (5) of equations 6.5 and

6.6 respectively are directly affected by the presence of the wire spacer.

Due to geometrical asymmetries created by the wire-spacers, the models for

terms (7) and (5) have to be individually tailored for each gap or

subchannel control volume. It is through these terms that the fundamental

flow characteristics due to helicoid spacers are established. Chapter 7

presents our Distributed Resistance Models (DRMs) for wire-spacers in rod

bundles. In Chapter 8, these models are tested against the experimental

data and the importance of the wire-spacer effects and the convective and

pressure terms is also assessed.

6.4 Subchannel Analysis versus Porous Body Approach.

The numerical mesh of Figures 6.2(f) and 6.3 used in the subchannel

analysis approach is one out of a practically infinite number of meshes

that can be configured over rod bundles. Figure 6.2 gives some typical

numerical meshes that are used in the porous body approach. The "porous

body" definition refers to all thermo-hydraulic numerical programs which

employ orthogonal coordinate systems (cartesian or cylindrical) to

discretize the integral balance equations 6.1, 6.2 and 6.3.

The main consideration in the porous body approach is cost versus

accuracy. The quarter-pin mesh geometry of Figure 6.2(e) requires more

computational effort than the full-pin mesh geometry of Figures 6.2 (a)

and (c). Referring to Figure 6.2 it is observed that the subchannel ana-

lysis mesh is a little more fine than the full-pin mesh and much coarser



178

than the half-pin mesh geometrics.

For square arrays, Rowe (R-4) compared both approaches (subchannel

versus porous body) and found them almost equivalent. (The subchannel

approach neglects the axial vorticity momentum terms). Note that for the

square array case the subchannel mesh becomes orthogonal. Similar conclu-

sions were independently drawn by Todreas (T-1). In triangular rod arrays

however the two approaches differ substantially regarding the way and

location where the axial and lateral velocities are defined. As it can be

seen from Figure 6.2 all porous body mesh configurations do not coincide

with the subchannels and gaps as defined in 6.2(f). The following remarks

can be made:

(a) Since the subchannel is physically confined by the presence of

three neighboring rods, it is expected in general that the axial

velocity profiles will be flatter within the same subchannel

than within an area of a typical porous body control volume.

(b) The same is true for the lateral velocities since in subchannel

control volumes, lateral velocities are defined at the gaps

between two neighbor rods. It is generally expected that the

lateral velocities are more flat and oriented towards one or the

other direction than in any other lateral surface of any porous

body control volume.

(c) Remarks (a) and (b) are also true for the case of cylindrical

porous body meshes.

Remarks (a) and (b) above indicate that in porous body methods

the error of discretizing non-linear integral terms is higher. This can

be explained as follows:
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let U = u + u ; uw : velocities.

w = w + w'

where -- is a spatially averaging operator and~u' = w' = 0.

Then the non-linear uw, which appears when discretizing the integral

momentum equations 6.2, is approximated as follows:

iw = (i + u') (W + w') = (iw + w' + wu + u'w')

or uw = uw + u'w'

Usually the term u'w' is neglected and

uw u w

However, the higher the non-uniformity of velocities u and w over the area

where averaging takes place, the higher the value of the i'w' term and

the higher the error introduced by neglecting it. This is particularly

true in the case of wire-wrapped rod bundles where the presence of the

helicoid spacer enhances non-uniformities in the velocity, pressure and

temperature field.

An additional advantage of the subchannel approach also stems

directly from remarks (a) and (b) above. Most of the constitutive rela-

tions for friction factors in rod bundles are derived based on the

subchannel axial and lateral velocities. Therefore these relations can be

directly applied in subchannel analysis meshes whereas some adaptation

work is usually required for the porous body approach. In the later case

some additional error is introduced for both coarse or fine porous body

meshes. In summary, the subchannel analysis mesh utilizes more ordered

and oriented velocity vectors than those in the porous body approach in
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the case of triangular array rod bundles.

Two of the most important porous body type of codes that have been

used for LMFBR subassembly studies are COMMIX-1 (S-8) and THERMIT (K-2).

The Cartesian coordinate system is used in both these codes. However for

square rod arrays, porous body and subchannel analysis codes are almost

equivalent in terms of mathematical formulation and numerical mesh

geometry while this is not the case for triangular rod arrays. Figure 6.2

gives the various mesh configurations that may be used in the porous body

type of analysis. In D-2, COMMIX-1 predictions for the cross-flow field

using a quarter-pin mesh has been reported. In this work, COMMIX failed

to predict a consistent unidirectional flow field in the peripheral

subchannels, as experimental results indicate. Similar results were

obtained in E-4 using the THERMIT code with Az = H/6 and a full-pin mesh.

Admittedly in both these cases the presence of the wire-spacer was taken

into account only in the volume and surface porosities of the numerical

mesh whereas standard bare rod friction factor models were employed.

However similar work with the subchannel analysis code ASFRE did succeed

in predicting a unidirectional swirl flow with standard bare rod friction

factor models. (N-1).

Based on the above theoretical discussion and current experience with

subchannel and porous body codes, the subchannel analysis approach appears

to be a more appropriate tool for dealing with wire-wrapped triangular rod

arrays.
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CHAPTER 7

THE DISTRIBUTED RESISTANCE MODELS (DRM)

7.1 Introduction

In this chaper we present a general method to formulate the

Distributed Resistance Models (DRM) for flows in wire-wrapped rod bundles.

The models include laminar, transition and turbulent flow conditions and

can treat 3-dimensional velocity fields.

At first the state-of-the-art in Distributed Resistance Modeling of

Wire-Wrap Bundles is reviewed. Then the integral representation of the

proposed DRMs is given together with a schematic break down of all DRM

components. Subsequently the DRMs are formulated for three increasingly

complex rod bundle geometries:

(a) bare rod bundles

(b) rod bundles with displacers*

(c) wire-wrapped rod bundles

The above procedure facilitates the task of physically explaining

the proposed DRMs for wire-wrapped rod bundles. The formulation of the

models is general enough so that the DRMs can be easily adopted for any

mesh size length Az less than H/6, where H is the wire-wrap lead length.

7.2 Literature Review

Early efforts to account for the presence of the wire-wrap spacer in

rod bundles were made in COBRA-IIIC subchannel analysis code by Rowe

(R-2). The effect of the wire-spacer was accounted in two different ways:

*A displacer is a wire-wrapped spacer with H/D + o.
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(a) All geometrical parameters were modified accordingly (wetted

perimeters, hydraulic diameters, etc)

(b) In all gaps where the wire-spacer was present moving from

subchannel (i) to subchannel (j) some flow from the subchan-

nel (i) was directed to subchannel (j). This forced cross-

flow caused by the presence of the wire spacer was estimated

as follows:

forced ir(D + Dw) S 6W = A. Az m. (7.1)

where Dw is the wire-spacer diameter, S is the gap width, A. is the area

of the subchannel, m. is the subchannel (i) flow rate and 6 is an

arbitrary parameter to be calibrated from the data. From equation 7.1

it is seen that W rced is a fraction of m which is proportional to the

total wire-spacer caused blockage (equal to 7T(D + D )S) over the subchan-

nel flow area A . Apparently this "forcing function" type cross-flow

model is based solely on continuity considerations and does not account

for momentum effects. In other words, the forced cross-flow model provi-

des flow inputs and not resistance inputs. Similar "forcing function"

type models were used in a number of subchannel analysis codes (see sec-

tion 8.2). All of them have the same fundamental problem: Since they do

not account for flow resistance due to the wire-spacer in a correct way,

their arbitrary constant 6 needs to be recalibrated each time some flow

or geometrical parameter changes.

In order to avoid this problem, a new generation of wire-wrap models

have been developed, based on the Distributed Hydraulic Resistance con-
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cept. Here the wire-spacer is accounted for by using additional

resistance terms in both the axial and lateral momentum equations. Early

work along these lines was performed at MIT which focused on developing

DRMs for the ENERGY series of codes for both turbulent (C-1) and laminar

(B-4) flow conditions. These DRMs were particularly tailored for axial

mesh size Az equal H.

Davis (D-1) developed DRMs for the SABRE subchannel analysis code,

valid for Az equal to H/6 and for turbulent flow conditions. There are no

open literature results illustrating the testing of this model against

data. LeGuez (L-2) extended Davis's model for Az equal to H/24 and

reported satisfactory predictions of the WARD data (R-1). However, the

essentials of their DRM have not been made available.

All of the above DRMs were developed for predominately axial flows

under turbulent conditions. Here we develop an approach to include both

predominately axial (along the rods) and predominately lateral (normal to

the rods) flows. Laminar flow conditions are also considered. In what

follows, the DRM is outlined, clearly stating all new ideas introduced in

this work. Despite the fact that the models are particularly developed

for the subchannel analysis approach, the models can be also extended to

porous body approach numerical programs.

7.3 Integral Representation of the DRMs

In Chapter 6 the correspondence between the terms of the integral

momentum equation and those of the subchannel analysis momentum equation

were discussed. The distributed resistance DR, which includes the fric-

tion and form drag forces at the solid-liquid interfaces was given as:
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DR f (- pn+ T.n >) dA (7.2)
As f

form friction
drag drag

where Asf is the solid-fluid interface within a given subchannel volume V,

t is the stress tensor at Asf and n is a unit vector normal to Asf. For a

bare rod bundle, Asf is equal to the surface area of the rods AR. For rod

bundles with wire-wrap spacers or displacers:

Asf = AR + AW (7.3)

where Aw is the surface of the wire-wrap spacer or the displacer within

the control volume. Therefore, equation 7.2 can be written as:

DR f ( - pn + < i.n >) dA + f (- pn + < i.n >) dA (7.4)
AR A

or

DR R + W

Figure 7.1 illustrates a wire-wrapped rod where axis is rotated at an

arbitrary angle to the vertical. This figure demonstrates the principal

directions, along which all important parameters will be defined. The n's

represent the unit vectors which are defined by Figure 7.1 as follows:

nH and n : horizontal and vertical

nL and nA: lateral and axial (with respect to the rod bundles

axis)

nT and nN: tangential and normal (with respect to the wire-

wrap or displacer direction)
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For the wire-wrap spacer, the (nT, nN) coordinate system rotates along the

wire spacer while the (nH, nV) and (nL, nA) coordinate systems remain

fixed for a given subchannel. For the displacer, nT nA and N ~nL.

The horizontal and vertical directions are not involved in the DRM.

However, in most cases, the axis of the rod bundle is vertical, so that nA

SnV and nL = n H Nevertheless, the DRM will be developed for the more

general case of nA # n and n L * n He

As will become clear later, it is convenient to further decompose the

NR component of DR along the axial and lateral directions and the PW

component along the tangential and normal directions respectively.

+ + +N

FR = FA+FL (7.5)

FW = F + F (7.6)

Using the definitions which have been presented, the following relations

are true where (.> stands for the vectorial inner product.

+A j - ^A
FR = R . nA> = f <<i-n>-n A> dA (7.7)

R R AR

F =F *n> = f (- p<n nL + <<-n>- nL>) dA (7.8)
R R L AR

+T + ^ -A
F (F *n T> f <<T- n>-n T> dA (7.9)

Aw

F = <FW - nN> = A ( p<n- nN> + <<T n>-N>) dA (7.10)
W N A WNN
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+A +TNote that the form drag term is zero in both FR and FW components (see

equations 7.7 and 7.8). This is true since in these cases both < nAnA >

over AR and < n-n > over A are zero. In contrast, the components FL and

Fw consist of both friction and form drag. Note that equations 7.7 and 7.8

are completely analogous to equations 7.9 and 7.10 respectively.

Figure 6.15 displays a wire wrap spacer within the axial momentum

control volume. A schematic representation of the rod surface and the

wire-spacer projected onto a vertical plane is given in Figure 7.2 The

the subchannel velocity v makes an angle 6v from the vertical due to the

presence of the wire spacer. Figure 7.3a clarifies how the velocity v

can be broken down into u, w or vT v N velocity components. These

velocity components satisfy the following relationships:

vT = w cos p + u sin + (7.11)

v N = w sin p - u cos + (7.12)

The positive directions are defined in accordance with the unit vectors of

Figure 7.1.

Figure 7.3b shows the distributed resistance forces that are

experience by the solid walls (rod and wire spacer) due to fluid motion.

The components of Figure 3b that are encircled correspond to those given by

equations 7.7 through 7.10 respectively. It is for these four components,

FR, F , F , F , that distributed resistance models (DRMs) will be developed

as a function of P/D (pitch-to-diameter ratio), H/D (wire-wrap lead length-

to-diameter ratio), and Reynolds number Re.

The axial and lateral momentum equations of the subchannel analysis

approach require DR forces along the axial and lateral directions respec-
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tively. These forces can be expressed in terms of the above DRMs as

fol lows:

FA F A+ F Tcos + FN sin p (7.13)FTOT -R + FwW

FL = FL + F Tsin - FN cos p (7.14)FTOT FR FW si

For each individual subchannel (interior, edge, corner, with or

without spacer present), the above force balance will be written. In the

following paragraphs, we present DRM formulations for various subchannel

geometries.

7.4 DRMs for Bare Rod Bundles

7.4.1 Introduction

In this chapter we discuss the most important correlations for axial

and lateral flows in bare rod bundles. Suggestions are also made for drag

calculations in the case of inclined flows in bare rod bundles. These

models will be modified later in order to account for the presence of

displacers and wire-wrap spacers.

Here we consider two kinds of subchannels:

(a) Subchannels in bare rod bundles

(b) Subchannels in displacer or wire-wrapped rod bundles which do not

contain any spacer within the axial control volume under

consideration.

In the latter case, in order to develop a unified bare rod DRM, we

assume that the flow regime in the given subchannel (laminar, transition,

turbulent) can be determined solely on the basis of the averaged subchan-

nel properties (velocity, pressure, temperature). However, this is not
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generally true. The most apparent deviation from the above assumption is

the formation of high vorticity regions (wakes) downstream from the

spacers of neighboring subchannels. These wakes, depending on geometric

considerations, might be shed in the subchannel under consideration and,

therefore, they might directly influence the fluid-solid interactions

there. Neighboring spacers may also affect the onset of transition to

turbulence, the turbulence scale, and the onset of instability in the

spacer-free subchannel. These latter effects, though, are of secondary

importance in comparison with the wake effect. In this report, in order

to simplify the DRM formulation, we stick with the above assumption which

can be stated in another way as follows: "It is sufficient to account for

the wake effects only within the subchannel in which they were generated."

We designate this assumption as a First-Order Approximation.

We next present the best available information on pressure drop in

bare rod bundles for axial and lateral flows under laminar and turbulent

flow conditions.

7.4.2 Friction Drag of Axial Flows

AAs equation 7.7 indicates, the axial drag component FR caused by an

axial flow consists of only frictional forces. From the steady-state

A
integral momentum balance in channels, FR can be directly derived as

A
FR W WAz = - Apf Ac (7.15)

where PW is the wetted perimeter, A is the cross-sectional area of the

channel and Apf is the fraction of the total pressure drop Ap that

corresponds to the friction forces. Then
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TW A APf De A- (7.16)W P~ 1 w AZ W4A z

Therefore, it is possible to make use of the large number of frictional

pressure drop correlations that are available in the literature to calcu-

late the wall shear stress and the axial drag.

7.4.2.1 Laminar Flow

The pressure drop will be expressed in terms of a friction factor by

the well known expression:

APf f1
-= - De pw wI (7.17)

where Az is an axial length, De is the subchannel hydraulic diameter, and

w is the axial velocity, averaged over the subchannel cross-section, fM is

the Moody friction factor. Note that the Fanning friction factor fF is

equal to:

f f (7.18)
F 4 M

Sparrow and Loeffler (S-6) gave the Fanning friction factor for axial

laminar flows in rod bundles as a function of P/D, as Figure 7.4 indica-

tes. Their result was based on numerical calculations for fully developed

flow in both infinite triangles and square rod arrays, and hence apply

only to interior subchannels.

Rehme (as reported by Shah and London (S-7)) performed detailed

finite difference calculations for finite triangular and square arrays,

including the presence of the surrounding square or hexagonal wall respec-

tively. Again the flow was laminar and fully developed. Rehme distingu-

ished among interior, edge, and corner subchannels, and he presented the

corresponding KM = fMReDe parameter in tabular form (see S-7) as a func-
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tion of P/D. For the edge subchannels, he accounted also for the effect

of the W/D parameter (see Figure 7.7 for definition of W).

Cheng (C-6) has performed a least squares curve fit for Rehme's KM

parameter, which was presented in tabular form in (S-7). Cheng used the

following polynomial curve fit:

KM = a + b1 (L - 1) + b2  21) (7.19)

The values of the a, b1amd b2 parameters for the interior, edge, and corner

subchannels are given in Table 7.1. Using the parameter KM as calculated

from equation 7.19, the Moody friction factor can be given as follows:

f = KM (7.20)M Re DDe

Therefore, equations 7.19, 7.20 and Table 7.1 constitute a simple way

for direct calculation of bare rod subchannel friction factors in laminar,

fully developed flows.

For developing, laminar flows, i.e., in flows within the entrance

region of a channel, the following pressure drop correlation is widely

used (W-6):

p1  = + K(z) 
(7.21)

(p/2)w2  M De

where p1 is the inlet pressure and K(z) is the incremental pressure drop

number, sometimes called the pressure defect. This last term charac-

terizes the cumulative additional pressure drop caused by the entrance

effects over the fully developed flow pressure drop. The function K(z) is

given in (W-6) only for flows in pipes and parallel plates. The total
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TABLE 7.1. Coefficients of equation 7.19.

1.0 4 P/D < 1.1 1.1
(or W/D)

a b1 b2

26.00

26.18

26.98

888.2

554.2

1636.

- 3334.

- 1480.

-10050.

< P/D < 1.5
(or W/D)

a b

62.97

45.30

87.26

216.9

256.4

38.59

TABLE 7.2 Characteristic Hydrodynamic Parameters of Noncircular
Laminar Pipe Flow (H-2)

L
Cross Section Geometry De KM K (oo) e

De Re

Circle

Square

Rectangle

(sides a,b)

Two-dimensional

channel

Equilateral triangle

Concentric annulus

(outer diameter d ,

inner diameter d.)

Diameter d

Side a

a/b = 2

a/b = 5

Height h

Side a

d /d =0.05

d /d =0.1

d /do=0.5

d /d =0.75

d /d =1

d

a

2/3a

1/3a

2h

= 4/3b

= 5/3b

0.577a

0.95d =19d.

0.9d =9d

0.5d =d.
0 1

0.25d =0.33d.

d - d

Interior

Edge

Corner

b 2

- 190.2

- 271.2

- 55.12

64

56.9

62.2

76.3

96

53.3

86.3

89.4

95.2

95.9

96

1.25

1.43

1.38

0.931

0.674

1.69

0.830

0.784

0.688

0.678

0.674

0.057

0.033

0.028

0.019

0.011

0.040

0.021

0.019

0.012

0.011

0.011
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pressure drop within the hydrodynamic entrance length Le is characterized

by the parameter K(co). Typical values of K(oo) and Le are given in Table

7.2 (taken from (H-2)).

To the author's knowledge, there is no correlation on pressure drop

for developing flows in rod bundles. For the purpose of the present work

then, one has to rely on results for other geometries in order to estimate

the K(z) function for rod bundles. The following general formula for

K(z), suggested by Shah (see (S-7), p. 399), should be used:

+ + 1/2 K(,,) - CdKM(Z+) - 3.44(z+)1
K(z ) = 3.44(z ) + + 2 (7.22)

1 + Cd(Z )

where z+ = z / (DeRe )eandaCd is a geometry dependent parameter which

ranges from 0.29 x 10~ 4 to 2.9 x 10~4 (S-7). For a given geometry of

Table 7.2 (and therefore for a given value of Cd), equation 7.22 matches

the analytical solutions with less than 3.0 percent error. In our case,

we have no basis upon which to establish the value of C is. We

arbitrarily choose C = 1 x 10d4

In order to estimate the value of K(oo) for rod bundles, plot the data

of Table 7.2 as shown in Figure 7.5. Observe that the values of K(00) are

well correlated in terms of the KM parameter for all kinds of geometries.

For rod bundles, KM is given from equation 7.20. Therefore, we recommend

the use of Figure 7.6 for K(co) estimation.

With K(z+) known, the pressure drop within a subchannel can be calcu-

lated as follows:
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FOR VARIOUS CHANNEL GEOMETRIES.
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p(zl) - p(z 2) (z2 - z ) - + (7.23)
pW2 /2 M De + {K(z1) K(z1)}

In order to verify or improve the above methods to estimate K(z), K(co) and

Cd for rod bundles, one may use the BODYFIT code (C-3). This numerical

program, developed at Argonne National Lab., performs 3-dimensional

distributed, thermal-hydraulic analysis of rod bundles. It has been

tested with overall satisfactory results against rod bundle velocity and

temperature data, under isothermal and mixed convection conditions (E-1).

7.4.2.2 Turbulent Flow

Many correlations have been suggested to calculate friction factors

for turbulent flows in bare rod bundles. Cheng (C-6) compared the methods

of Deissler, Ibragimov, Dwyer, Malak and Rehme (G*-method) against data

with P/D ranging from 1.0 to 1.5. He concluded that Rehme's G*-method and

Dwyer's method performed better than the others against both interior

subchannel or bundle averaged pressure drop data. Since the G*-method can

be applied to any type of channel (including edge and corner subchannels)

whereas Dwyer's method is restricted to interior subchannels, the

G*-method is recommended for this work. The friction factor f M is calcu-

lated as follows:

A [2.5 n Re + 5.5] - G* (7.24)

where parameters A and G* are given in Figure 7.7 as a function of the KM

parameter which is equal to:

KM = M Re De)laminar (7.25)
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KM is the only "external" parameter that is needed in the G*-method.

Rehme (R-3) has validated his method by comparing it against data from

various channel geometries. In the case of bare rod bundles, equation

7.19 can be used to calculate KM's for each subchannel (interior, edge,

and corner) separately.

For developing turbulent flow in rod bundles, the situation is very

little understood. Schmidt and Zelding (W-6) found that the K(z) function

given in equation 7.21 is a weak function of Re number for flows in pipes

and parallel plates. They also found that for pipes and channels, the

value of K(-) decreases less than 10 percent when the Reynolds number

increases from 102 to 104. It is reasonable and conservative, therefore,

to employ here the laminar flow results of paragraph 7.4.2.1.

Again we recommend that the BODYFIT numerical program be used,

employing the k-e model option, to check both the value of K(co) and the

shape of the K(z+) function in turbulent flows.

7.4.3 Friction and Form Drag in Lateral Flows

Here we examine simultaneously laminar and turbulent flows since all

available correlations have been presented that way. Figures 7.7a and

7.7b give the layouts of square and triangular rod arrays respectively.

At the left of both figures, the characteristic features of the flow field

are depicted. Both cases exhibit a core region where the flow is more or

less orderly oriented, and a wake region where the flow has separated and

flow recirculation of some characteristic frequency has been established.

In Figure 7.7, the definition of one stage of a rod row and of a cell is

also given. Applying the integral momentum equation to a cell, then:
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F = Ap AR L g (7.28)

where F is the total drag force on the cell solids, A is the gap area

(for a given axial length), and Ap is the lateral pressure drop over one

row stage due to friction and form drag. Several remarks are in order.

(a) For square arrays, the following is true: (see Figure 7.7)

ApL = pi - P (7.27)

where pi and p are the corresponding subchannel pressures. Consequently,

any models for ApL are directly applicable for the subchannel analysis

analysis transverse momentum equation.

(b) For triangular arrays, equation 7.27 does not hold. By

inspection of Figure 7.7b, we get:

L= (PA - i) + (P - pj) + (pj - PF) (7.28)

or since

then

(pA i i) + - pF

p =(p - p i) + (p - pi)

Pi)

= AP 9i + Api

Equation 7.29 indicates that models for ApL cannot be directly applied to

the transverse momentum equation of the subchannel analysis since models

for Ap 1  are required.

(c) For triangular arrays, an equation similar to equation 7.28 is

valid for the lateral CV drag forces:

FL = FL
R R

+ 2 FL
R1

cos 600

(7.29)
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or

FL = FL + F (7.30)R R 1  R iq

where FR is the drag on the solid surfaces enclosed by the transverse

control volume between subchannel i and j.

Let us now present one of the first and the most widely used pressure

drop correlations for the transverse flows in rod bundles. It is the

Gunter-Shaw correlation (G-4) which is written in the following form:

AP u2 D 04 SL 0.6 (7.31)=f L 2 (7) (7) (.1
L DV T T

where L is the lateral length of a number of stages, u9 is the average gap

velocity and ST9 SL are indicated on Figure 7.7. The volume equivalent

diameter D is:
4V

D - (7.32)
V AW

where Vf is the total fluid volume and AW is the total wetted surface of

a cell. In addition

180 / ReDV ; laminar flow

f= 0.145 (7.33)
1.92/ ReDV ; turbulent flow

DV

where

Re = DV u / (7.34)

The Gunter-Shaw correlation has been recently tested against new data and

correlations in (E-2). It was found that the correlation performed satis-
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factorily, particularly for laminar flows where the data exhibit a wider

scatter. Due to its simplicity and generality, the Gunter-Shaw correla-

tion will be chosen for this work.

Recently, ZuKauskas and Ulinskas (see article in (H-2), vol. 2) made

a very comprehensive study on developing effects of transverse flows in

rod bundles. Their data showed that the pressure drop in the first one or

two stages is different from the average pressure drop occuring over sta-

ges away from the inlet. They suggested the following formula:

APm-th stage = cm L (7.35)

where ApL is given by equations similar to 7.31 and cm is given in

Figure 7.8, as a function of m and ReDV'

It is now important to suggest a correlation for pressure drop be-

tween two adjacent subchannels 4p. . as remark (c) above indicates. In

Appendix A.7.1, we prove that the Gunter-Shaw formula is still valid when

applied to a transverse momentum equation CV of the subchannel analysis.

Furthermore, we recommend the use of the cm coefficient of Equation 7.35

with m equal to one. This latter proposition, though, is not true for rod

bundle flows predominantly in the transverse direction. Here the analyst

should be very careful to account for flow developing effects in the

transverse direction using cm values from Figure 7.8.

7.4.4 Friction and Form Drag for Inclined Flows

In this case the average velocity vector +v forms an angle eV with the

bundle axis direction (parallel direction). Obviously tan e0 = w/u and

I = (u2 + w2)1/ 2. The question that naturally arises here is whether

it is possible to apply the previously suggested models in each direction
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separately as if the flow was purely axial or lateral. The following

principle (called by some authors the principle of independence) has been

established (see (W-6), p. 362) for the simple case of laminar flow over a

yawed cylinder. If u,v are the velocity components normal to the cylinder

axis and w is the velocity component parallel to the cylinder axis, then

it is easily shown that u and v can be calculated independently of w. On

the other hand though, the velocity component w does depend on u and v,

and it can be derived from the following equation:

u + v - = v 2 (7.36)ax ay 3

where x/y are the tangential/normal directions to the surface of the

cylinder. Both are normal to the cylinder axis. From this relationship,

it is apparent that w(x,y,z) depends on both parallel and normal com-

ponents of the free stream velocity plus the geometrical characteristics

of the submerged body.

In summary, u and v velocity components are independent of w, whereas

w is dependent on u and v. It is therefore appropriate to call this the

"semi-independence" principle instead of the "independence" principle.

Based on this "semi-independence" principle, one should expect that the

lateral drag of flow over a cylinder should be a function of u, v and D

only, as if the flow were purely lateral. This latter postulate was

verified experimentally for turbulent flow conditions by Groehn (K-1).

In contrast, the drag in the axial direction is expected to be influenced

by the magnitude of both axial and lateral velocity components.

In the more complicated case of inclined flows in rod bundles the

semi-independence principle is not generally valid. Ebeling-Koning and
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Todreas (see (E-3)) performed an extensive literature review and com-

parisons of pressure drop (or drag) models for inclined flows in bare

rod arrays. They found that most of the models do a fairly good job for

the range of the data that they were developed to predict. A new model

was proposed to cover a wide range of experimental conditions as follows:

A + +

F A f VI)IV w (7.37)TOT 7F A\ V P I w

FL A + + 10.6 0.4+
FOT L ( Vg ) Vg l u ug (7.38)

where / is the average fluid velocity, 9 is the fluid velocity at the gap

and w and u are defined in Figure 7.9. Aw is the wetted surface within

a given control volume, fA and fL are friction and form drag coefficients

for axial and lateral flows respectively. In this work fA is estimated

through Rehme's correlation and fL by the Gunter-Shaw correlation. Also

for simplicitly, equation 7.38 is slightly modified to give:

F L A +
TOT 8  L (IVgI ) PIU9 I ug (7.39)

Model (7.39) was also tested in (E-3) and gave satisfactory results.

7.5 DRMs for Rod Bundles With Displacers

7.5.1 Introduction

As discussed earlier, the displacers are cylindrical wires with

diameter DW which is less than or equal to (P-D). Figure 7.10 presents a

triangular rod array with displacers placed at -45* from the reference

line. The displacers may be placed at any angle from 0* to 3600.

The purpose of this section is to study the pressure drop charac-



207

V
g

V : Average Velocity at the subchannel.

V:
97-- V I Average Velocity at the Gap.

FIGURE 7.9: SUBCHANNEL AND GAP AVERAGED VELOCITIES.

z

g

g'



208

4 ~t

ap
n

81

Control
Vol ume

(a) Wire-Wraps (b) Displacers

FIGURE 7.10: GEOMETRICAL COMPARISONS OF WIRE-WRAP SPACERS AND DISPLACERS.

Average
wire-wr
locatio

Az

r7



209

teristics of rod bundles with displacers as an intermediate step toward

the modeling of wire-wrapped rod bundles. The motivation stems from the

Hfact that for sufficiently small axial mesh size Az (Az < ) and for

predominately lateral flows, the wire-wrap spacer within a given subchan-

nel resembles a slightly tilted displacer at the same angular position.

Therefore, models developed for rod bundles with displacers might be

easily extended to wire-wraps. In the case of predominately axial flows,

the direct extension of the displacer models to the wire-wrap models is

not as straightforward as in the case of predominately lateral flows.

7.5.2 Axial Flows

For the subchannel depicted in Figure 7.11 the friction drag forces on

A Athe surface of the rods and displacer FR and FW respectively will be given

from:

F = F + F = A'f AZ w (7.40)TOT R W C _MPT
e

where

D " = 4A' (7.41)e A'Pw

A' = A - 7T D /4 (7.42)c c w

PW PW + DW (7.43)

and Ac and PW are the bare rod subchannel cross-section and wetted peri-

meter respectively.

2

Ac = [i/3 (7) - (7.44)

W = ffD/2 (7.45)

The friction factor f can be estimated by extending Rehme's correla-
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tions for laminar and turbulent flows given in Section 7.4. In both

cases, the laminar flow parameter KM, given from equation 7.19, needs to

be estimated. KM is formulated for bare rods only and it is a function of

P/D. For rod arrays with displacers, we suggest the following approach in

order to estimate f:

(a) Calculate an equivalent (P/D) using 7.44 with A' replacing Ac
2 A'

(L) = ( +)

or

2 P2 ( 1) (7.46)
eq /3

pD"w
(b) Estimate KM from equation 7.19 using (P/D) and Re = e

Meq 1

(c) Estimate f based in KM and Re0 " = e 1"w/P.
e

This approach is being tested experimentally by Kune (K-3). However,

since the presence of the displacer does not alter the structure of the

flow patterns (i.e., it does not create wakes or intensify the

turbulence), we do not expect appreciable differences in the axial fric-

tion data of the displacer laminar flows due to the large scatter that the

data exhibit in low pressure drop measurements.

Finally, we estimate the drag forces FR and FA individually as

follows:

F 
A TW and A W WF A

R = -r TOT w TOT (747)W W

Equations 7.40 and 7.47 give:
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FR = PW Az pw2 (7.48)

FW = 9 (PW PW) Az pw2 (7.49)

7.5.3 Lateral Flows

Here the situation is not so straight forward as before. The reason

is that the presence of the displacer might significantly alter the struc-

ture of the wakes and of the vorticity within them, as Figure 7.12 indica-

tes. This may render the Gunter-Shaw correlation inappropriate for

estimating the total lateral drag in a given control volume.

We proceed here in a heuristic way to suggest correlations for FR and

and FL lateral drag on rod surfaces and displacer respectively. The pro-w

posed correlations are:

(a) Use modified Gunter-Shaw correlation for the total lateral drag

FL FL + L
FTOT= F + FW

u 2 D",I S (.6
FTOT =~ L 7).,P 7 ( ) (T-) -E(w) (7.50)

V1 T T

where

- 4V'
V' = 9.W

and " ' (prime) indicates that the presence of the displacer is

accounted for. The velocity u2  is defined at the minimum gap among Amg g
and A wg(see Figure 7.11).
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U A g/A ; Awg <Ag
Umg u ; A (7.51)

g g ' >Ag

The function E(w) accounts for lateral drag changes due to flow

structure alteration that are caused by the presence of the displacer.

w is the angular position of the displacer from a reference position.

E(w) should also be a function of the displacer diameter-to-diameter

ratio, P/D and the Reynolds number. Experiments are currently being

performed at MIT (K-3) in order to determine the E parameter as function

of the displacer angular position w.

(b) To estimate Fw amd FR we propose the following correlations:

FL (w) (AW' - AW) L (7.52)
W FTOT

L D(w) (Aw' - AW)] L
FW ] FTOT (7.53)

where D(w) is a new function that accounts for the non-uniform distribu-

tion of the wakes among the rod surfaces and the displacer. It is

expected, though, that D(w) ~ 1.0.

7.6 DRMs for Wire-Wrapped Rod Bundles

7.6.1 Introduction

In this section, the displacer models of the previous section are

extended to the more general case- of the wire-wrap spacer. The wire-wrap

can be tilted to any angle with respect to the axial direction and this

tilt is characterized by the wire lead-to-diameter ratio H/D. The

displacer may be considered as wire-wrap spacer with H/D + oo.
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Consequently, all models developed here are valid for the displacers also

in the limiting condition H/D + o.

In contrast to the displacer or bare rod bundle situations, friction

and form drag models require as inputs both axial and lateral velocities,

w and u respectively even for "purely" axial flows. In other words, in

order to calculate the axial drag within a control volume (CV), one needs

to know both w and u (averaged axial and lateral velocities). This

coupled flow field analysis makes the general modeling of wire-wrapped rod

bundles quite elaborate. Flow pattern and wake distribution maps for each

particular CV geometry are required for drag calculations as a function of

u and w. Unfortunately, no such information or data exist in the litera-

ture. Consequently we proceed in a heuristic way, building up the wire-

spacer modes as an extension of the displacer models (whenever possible),

clearly identifying all assumptions made.

7.6.2 General Wire-Wrap Modeling

In this section, we examine collectively all drag components, namely

A L T N
FR, FR, FW, and FW. The models developed here are valid for both axial

and transverse momentum equation control volumes (CV).

7.6.2.1 and F Components

Here we follow the arguments presented in Section 7.4.4 for axial

pressure drop (or drag) calculations for inclined flows in bare rod

bundles. Generalizing these concepts we define two "axial" directions,

the axial and tangential. Based on Rehme's correlation, define the

following drag function:



216

SfM(v)R(v) = 8 PV jvj (7.54)

where fM(v) is the Moody friction factor based on Rehme's theory, and

is the wetted flow area of the channel (including the presence of the
A T

wire-spacer). The FR and FW components will be given as follows:

A r-2 2  AWFR = R ( Vw + u) -( ) - cose (7.55)

T (/2 + 2FW = R (/W2+ u ) - (1 cos (p-O) (7.56)
W

where AW is the rod surface area and A' is the total wetted solid surface

area enclosed by the reference CV. Note that when the wire-spacer is not

present within a given CV,. then AW' = A and Fw = 0. Three key assumptions

were employed in deriving equations 7.55 and 7.56:

(a) The friction drag along the "parallel" directions can be esti-

mated by projecting the friction drag along the velocity direction on

these parallel direction.

(b) The friction drag along any direction can be estimated using

Rehme's friction factor correlations.

(c) The total friction drag is uniformly distributed among the rod

and wire-spacer surfaces.

7.6.2.2 FL N components

Here things ae much more complicated. Assumption (c) is not

generally valid as pointed out in Section 7.5.2. There the D function was

introduced to account for the uneven distribution of the wakes. In this

case though, D is not only a function of u, P/D and w as it is in the case

of rod bundles with displacers, but also a function of w and H/D. We
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distinguish between two different cases:

(1) The flow is predominantly lateral. This case is an extension of

the case of lateral flows in rod bundles with displacers. Introduce now

the G(v) function based on the Gunter-Shaw correlation:

Aw 'f G(v) D " S L
G(v) = 8 p v v ( ) (7) E(w) (7.57)

T T

where fG(v) is given from equation 7.33.

Making use of the independence principle for the cross-flow friction

and form drag, take:

FR = G(u) D1 (w) ( )(7.58)

TAWF = G(vN) [1 - D 1(&) r] (7.59)
W

where D1 (w) may be different from the D(w) function introduced in

equation 7.52, but certainly close to one too.

(2) The flow is predominantly axial. This is the most interesting

and most frequent case. Typical directions of the velocity component vec-

tors are given in Figure 7.3b. The directions of Figure 7.3b are defined

as positive. Note that the projection vector of the n vector on the

lateral axis is directed opposite direction to the of u vector. Conversely,

for the case of predominantly transverse flows, both these directions are

expected to coincide. The wake distribution for the above cases is

expected to be quite different. Consequently, equations 7.58 and 7.59,

which were based on the predominantly lateral flow assumption, might not

be valid here. We present a heuristic alternative set of equations:
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L f Gv) Dy" S .
F L =AW "Gvg )PIuI DV SL 0 6(7.60)R 8 plulu (ST) (S)T T

2
N VN

FW = f N -DW-Az/cos 4 (7.61)

where
Ag 2 D

= Re2/ , A = A (7.62)

Re = DWO N/v and DW is the wire-spacer diameter.

The particular form of Equation 7.62 is suggested, based on the

following reasoning. The bracketed term equals the drag coefficient CD of

free stream flows over cylinders (W-6) with D2 ~ 10. The A /A )2 term

accounts for the fact that the flow is confined and this term charac-

terizes the rapid increase of the lateral velocity in the minimum gap

area. The minimum gap area A is defined in Figure 7.11 for average

angular position of the wire spacer within a given cell.

7.6.2.3 w and u estimation

For the axial momentum equation CV(i) we take w = w1 , where w. is the

subchannel axial velocity and u = (ui + uik)/ 2 ; where uZ and u ik are the

cross-flow velocities for the entrance and exit gap of the wire-spacer

respectively. Similarly for the transverse momentum equation CV between

subchannels i and j, take w = (w. + w )/2 and u = ui 3 .

The above wire-wrap models have to be tailored for each subchannel

and gap geometry on an individual basis. Note that for a given subchannel

number, the various subchannels at different axial locations exhibit dif-

ferent geometry patterns due to varying position of the wire-spacer. In

the next section we examine all different subchannel and gap geometries

and develop a logic to classify these geometries in terms of the subchan-

nel or gap number and its axial position.
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CHAPTER 8

THE COMPUTER PROGRAM ASFREMIT

8.1 Introduction

In this chapter the computer program ASFREMIT is presented.

ASFREMIT is a single-phase thermo-hydraulic numerical program which

is an extension of the computer program ASFRE, developed by PNC

(Y-1). The basic new features in ASFREMIT are the development and

utilization of a new distributed resistance model (see Chapter 7) and

of new attribute functions to numerically implement the resistance

models into the code. The code is currently limited to an axial

numerical mesh (or subchannel) size Az equal to H/12, where H is the

wire wrap lead length. This Az size was selected as a compromise

between axial resolution and execution speed. H/12 is the minimum Az

required to obtain satisfactory resolution of the pseudo-periodic

phenomena caused by the wire wrapped spacer. On the other hand, given

the large number of subchannels usually involved in LMFBR subassembly

calulations, smaller values of Az would render the execution speed

prohibitedly low. However both the hydraulic resistance models and

the attribute functions can be easily modified to cover other desired

Az sizes (H/24 or even H/6, H/2)

Since the distributed resistance models have been presented in

Chapter 7, here the general structure of ASFREMIT and the general

logic to implement numerically these models is outlined. Finally some

preliminary calibration/validation runs of ASFREMIT are perfomed

against data presented in this thesis or available in the

literature. We start with a literature review of similar numerical

programs.
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8.2 Literature review

LMFBR subassembly analysis and simulation have attracted

considerable attention all over the world. A large number of

numerical programs have been published which are capable of handling

wire-wrap spacers. These programs may be classified according to the

following characteristics.

(a) subchannel analysis versus porous body approach.

(b) size of the axial thickness of the numerical mesh Az.

(c) forcing function versus distributed resistance wire-wrap

modeling.

Several subchannel analysis codes have been developed for LMFBR

subassembly analysis (COBRA (R-2), THI3D (S-8), SABRE (D-1)

SABRE-CEA (L-2), ORRIBLE(W-1),ASFRE (Y-1), ENERGY (K-4).)

The subchannel conservation equations employed in COBRA-IV

were given in Chapter 6. In order to account for the presence of the

wire spacer, COBRA-IV introduced a semi-empirical model for the

forced crossflow induced by the wire-spacer as discussed in Chapter

7. Similiar "forcing function" type of the wire-spacer models are

employed in ORRIBLE and ASFRE.

Basehore and George (B-8) compared COBRA-IV with various local

velocity data. The COBRA-IV code required calibration of four input

parameters:

* the turbulent mixing coefficient, a

* the turbulent crossflow resistance factor, Kij

* the effective fraction of pitch length for forced crossflow, 6

* the transverse momentum geometry factor, Sij/z
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In COBRA-IV the models for the hydraulic resistance remain the

same for every subchannel or gap and Kij accepts only one value for

all subchannels. Figure 8.1 compares the COBRA-IV predictions with

the WARD data (R-1). The values of the input parameters for optimum

data fit are also given. Note that some deviations exist,

particularly in the - 30' to 90* region. Figure 8.2 compares the

code against the MIT laser doppler velocity data for the peripheral

subchannels (C-4). Note the large deviations observed for different

values of the Kij parameter. As the authors admit (B-8), it does

not appear that both data sets (WARD, MIT) can be accurately matched

by the same set of input parameters. The authors suggest that the

COBRA wire wrap model needs further improvement in order to obtain

point by point match with several velocity data sets, for both

blanket and fuel assemblies and for laminar and turbulent flow.

A forced crossflow model similar to that in COBRA is included by

Wei (W-4) in FULMIX-II. Wei also gives some references for

recommended values of the parameter 6 for different geometries (P/D

and H/D varying). However, no comprehensive validation effort of a

recommended set of input parameters appears to have been published.

In ASFRE and ORRIBLE, the forced crossflow due to the wire wrap

has a continuous rather than a discrete representation. The ASFRE

wire-wrap model is:
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cn(D+Dw) S(z) 1+cos(36/2)
W s 7 D w A (j mi< 7

Wforced 21

0, e >

where S'ij is the projected horizontal length of the wire spacer on

the gap at a given axial level z, and Afi is now a function of z.

ASFRE employs, besides the above model, correct geometrical

representations of the axial flow areas Afi(z), the wetted

perimeter Pw(z) and Sij(z) accounting for the presence of the

wire wrap. ORRIBLE employs two forced crossflow models, one for an

interior and a second for a peripheral gap. These models are similar

to that used is ASFRE.

All wire-wrap models reviewed so far are of a forced crossflow

type. Their underlying concept is that of providing flow input

instead of a hydraulic resistance input. Further the subchannel

equations exhibit only minor differences among various subchannel

codes. Therefore, one does not expect any of the above codes to have

inherently better predictive capabilities than the others.

A qualitatively different approach has been followed by Davis in

the SABRE subchannel code (D-1). The model is based on the

assumption that the effects of the wire-wrap can be represented

solely by its direction and its resistance characteristics. Thus,

the model does not account for the geometrical differences in cross

sectional area and perimeter due to the presence of a wire-wrap.

These differences though are included in the derivation of the

distributed resistance models for the momentum equations. The SABRE
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distributed resistance models for the momentum equations. The SABRE

model was developed for one Az equal to H/6 and its similar in

concept with the models developed for one lead length by Chiu,

Rohsenow and Todreas (C-1) and Burns, Rohsenow and Todreas (B-4).

These later models were formulated for axial mesh size Az equal to H

and implemented in the ENERGY series of codes.

Recently additional work on SABRE was performed at CEA by Le

Gouez (L-2). The former SABRE wire-wrap model was adopted on a H/24

axial mesh size. Satisfactory predictions of the WARD data were

presented. However, the essentials of the wire spacer model are not

available at this time.

In this section, we present the implementation of the

Distributed Resistance Model (DRM) given in Chapter 7, into the ASFRE

subchannel code.
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8.3 General Structure of ASFREMIT

8.3.1 New Features in ASFREMIT

The general structure of ASFREMIT closely parallels that of the

original ASFRE code. Figure 8.3 outlines the building blocks of

ASFREMIT code. The fractional time step method (a variation of the

ADI method) is used to numerically solve the subchannel conservation

equations. In the first half-time step, the horizontal direction is

treated implicitly and the axial direction explicitly. The opposite

is true for the second half-time step. Figure 8.4 outlines the

momentum equation solution scheme which is similar to SIMPLE (P-2).

The most important new features of ASFREMIT are:

(a) The wire wrap geometrical characteristics are taken into

account in all geometrical parameters of the subchannel analysis

formulation. Subchannel and gap volumes, axial and lateral surfaces

have been modified accordingly. All relevant geometrical

calculations are performed in subroutine H12WG listed in Appendix

A.8.1. This subroutine requires that the axial length of the

computational mesh should be equal to H/12 (H: the wire-wrap lead

length) and that the starting position of the wire-wrap forms an

angle of -15* with the reference gap (see Figure 8.5).

(b) All references to the forcing function model have been

eliminated. In ASFREMIT, the wire-wrap effect on the velocity fields

in both the Axial (A) and Lateral (L) directions is accounted through

the spatially varying distribution of the resistance forces.
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of the wire spacer.
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(c) The solution scheme of ASFREMIT is identical to that of

ASFRE. However, the source terms due to the distributed resistance

are quite different. Subroutines WLADI1, WLADI2 and ULCALC that are

used to calculate the "predictor" velocities w and u are modified

accordingly. These subroutines are listed in Appendix A.8.2.

(d) The old Blasius (axial) and Gunter-Shaw (crossflow)

friction factor calculations have been replaced with our new DRM

models. Recall that our models are formulated for Az equal to H/12.

Subroutines DRMA and DRML estimate the resistance forces along the

axial direction for a subchannel and the lateral direction for a gap

respectively. There subroutines are listed in Appendix A.8.1.

8.3.2 The Distributed Resistance Models

The numerical implementation of the DRMs will be discussed here

in terms of the solution of the axial momentum equation in the first

half time step. The exact form of the discretized momentum equation

can be found in (Y-1). Here we outline only the new features. Let

(i) be a certain subchannel at an axial location z of the staggered

mesh. Then, following Patankar (P-2), we write the equation in the

following form:

(1) (2) (3) (4) (5)

a i w + a w = b + A (P - P . - (S A+ S - w

(8.1)

where j's are the neighbor subchannels of subchannel i. Terms

(1) and (2) of the equation (8.1) contain the sought for predicted

velocities w and they represent the implicit terms. Terms (3) and



231

(4) contain all discretized terms of the momentum equation that are

treated explicity. (Previous time step or iteration values are used

for the velocities or pressures). Term (5) contains what is called

the source terms. Here these source terms represent the DRMs in the

axial direction. Term (5) of ASFREMIT replaces the old resistance

terms of ASFRE.

Note that the source term contains a constant part S which isE

treated "explicitly" and a variable part SI w which is treated

"implicity". Here the term explicit means that old time step values

A
are employed to estimate S . The term "implicit" refers to the use

Aof w 2s whereas the parameter SI is still estimated at the old time

step.

Equation 8.1 is finally written as:

(a. + S )w + a w = b + A (P -P ) - SE (8.2)

ANote that to ensure stability (as much as possible) the S, parameter

A A
has to be positive. Both the SE and S, parameters are provided by

subroutine DRMA. The following FORTRAN notation is used:

SE = FAVEX

S = FAVIM (8.3)

Similarly the lateral momentum equation for a gap k between two

neighbor subchannels i and j is expressed as:

(ck+SL) uk+ ck uk-+ c u d + C (P P j SE
I(8)k+1uk+l d

(8.4)
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L Lwhere again SL and SE are calulated in subroutine DRML using the

following FORTRAN notation:

S = FLVEXE

S = FLVIM (8.5)
8.3.3 Distributed Resistance Models (DRM) Formulation

Subroutines DRMA and DRML are used to calculate the hydraulic

resistance per unit volume for the solution of the axial and lateral

momentum equation respectively, as follows:

DRMA : F = (F + FWTcos + F sin)/Vs (8.6)

DRML : F = (F + F sin - F cos)VG (8.7)

A L T N
where FR, FR, Fw, Fw and + are schematically shown in Figure 7.3, and

VS and VG are the subchannel and gap fluid volumes respectively. The

models that are currently in use in AFREMIT for the above hydraulic

resistances are presented in Table 8.1.

The exact values of the geometrical parameters Aw, Dv,

VS and VG are calculated in subroutine H12WG for different

geometry patterns (combinations of subchannels or gap kinds and

wire-spacer position, see Section 8.4) as a funtion of P/D and H/D.

Subroutine DRMA or DRML performs the following tasks.

I. Identifies the subchannel or gap type and the relative position

of the wire-spacer (pattern). Selects the proper geometrical

parameters.
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TABLE 8.1. SUMMARY OF EQUATIONS USED FOR THE DISTRIBUTED RESISTANCE

MODEL.
f

A AFR A p V2 cos 8R 8 w

f
T AFw = (A' - A )p V2 cos($-Q)

where a/Rev Re < 600

fA = f A(Rev a) = 0.3166/Re v0.25 ; Re > 2,000

a/600-(0-) + 0.316 0 ; otherwise
1000 0.,21

(Re -600)
where $ V

1200

Rev = D P v/p

a: Rehme's coefficient of laminar flow

(T. 1)

(T.2)

(T.3)

F N = C.D s
FW CDwc o P VN!

L LF =-A I u uR 8- w l

L = 180/Re;

fL 2.25/Re 0.145

D Az
VN C c P V2cos($-6) COS($-q) (T.4)

Re < 200 or Re < 400
U v

otherwise

Reu = DV P ul/11

Subchannel or gap wetted area

Subchannel or gap wetted -area including the wire-wrap

4 V /A'f w

fluid volume in subchannel or gap

axial dimension of numerical mesh

wire-spacer diameter (uniform)

constant to be dtermined by calibration against data.

(T.5)

(T.6)

Aw

DV

V f

Az:

D
w

C.
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II. Estimates for the given subchannel or gap the values of w and u

to be used in the models of Table 8.1. For the axial momentum

equation (subroutine DRMA) the following velocities are used (see

Figure 8.6).

w = wi (8.8)

u = uk1,X-1/2 .0 + uk1,x/2 .0 (8.9)

Note that the axial momentum equation cell is staggered upwards

with respect to the mass balance cell.

For the lateral momentum equation (subroutine DRML) the

following velocities are used: (see Figure 8.7)

w = +i+1+ j, /4.0 (8.10)

uk case (a)
U= { (8.11)

S= k/2.0; case (b)

III. Calculates the total hydraulic resistances F OT (in DRMA) and

FTOT (in DRML) using equations 8.6 and 8.7 respectively and the

models of Table 8.1. As discussed in the previous paragraph,

each individual resistance component F F , F , F is decomposedR' R' W W eomoe

into "implicit" and "explicit" components. This is made possible

since, as Table 8.1 indicates, each resistance component is

proportional to V 2 where

V2 = w2 + U2

For example, the FR component can be written:
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FA = A p cose w2 + fA Awp cose u2  (8.12)

or

FR = FRAIM * w + FRAEX (8.13)

Note that FRAIM is always positive since cos .w has the same sign

with w2 . Therefore FRAIM > 0 and hence Patankar's stability

criterion is satisfied.

Th LThe FR component in DRML subroutine is treated similarly.

R

FL = FRLIM * u (implicit term only) (8.14)R

Note that in subroutine DRMA, the "w" components are treated

implicity and the "u" components explicitly. The opposite is true

for subroutine DRML.

Resistance components F and F are included in both the DRMA

and DRML subroutines. In the case of DRMA they are written as:

FT = FWTIM * w + FWTEXw
F = FWNIM * w + FWNEX

In this case FWTIM might be both positive or negative. If FT isw
negative then the following Fortran statements are executed:

FWTEX = FWTEX + FWTIM * w

FWTIM = 0.0

In other words all source terms generated by FT are treated

explicitly. Similar steps are followed in DRML subroutine. Finally

note that:
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S = FAVEX = (FRAEX + FWTEXcoso + FWNEXsin )/Vs

S = FAVIM = (FRAIM + FWTIM.coso + FWNIM.sino)/Vs

and

L
SE= FLVEX = (FRLIM + FWTEX.sino - FWNIM.coso)/VG

S = FLVIM = (FLVIM + FWTIM.sino - FWNIM.coso)/V

8.3.4 ASFREMIT Initialization

Experiences to now with ASFREMIT indicates that some high flow

runs may diverge, despite all precautions taken for the treatment of

the source terms. This is due to the fact that ASFREMIT initializes

the velocity field as follows:

w = const. for all i,'s

u k,X= 0 for all k,9's

Thus the initial guess results in extremely large source terms in the

lateral momemtum equation at high flow rates, (high w's). One remedy

is to start ASFRE with low values of the coefficient C in equation

(T.4 in Table 8.1) and increase it progressively as the iterations

proceed. However since this approach may be time consuming it is not

currently used. Instead use is made of the "forcing function"

approach during the first 5 to 10 iterations. The lateral momentum

equation is not solved when the wire spacer is close to or at the gap

(Figure 8.9(a) and 8.9(b). In this case we assign:
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w cos ; case (a) , Figure 8.7

uk,t I

w cos /2; case (b) , Figure 8.7

The axial momentum equation is always solved without any

change. With this initialization procedure, convergence was always

achieved in the high Reynolds' runs we have performed to date.

8.4 Numerical Implementation of the Distributed Resistance Models.

8.4.1 Introduction

In this paragragh we develop a method to calculate SA S A or S ,E' I Es
SL (see paragraph 8.3.3) for a given subchannel or gap. In order to

do so, we need to know:

(a) the specific geometrical configuration of the particular

subchannel Control Volume.

(b) the specific axial and lateral velocities involved for this

particular configuration.

Both the geometrical parameters (hydraulic diameters, wetted

perimeters, gap size, wire position, ect.) and the relevant

velocities are needed as inputs in the DRM's presented in Table 8.1

(see also Chapter 7). In this section we develop a methodology to

tackle this problem in an efficent way. Before presenting the whole

identification logic, some subchannel or gap attributes have to be

defined, namely subchannel or gap kinds, patterns and types as well

as the gap attribute gap orientation. In addition some

definitions of attribute functions have to be discussed namely the
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FORTRAN functions LC(I.J) and ICB(M,I) that were introduced in ASFRE

code together with the functions ITBL (IL), ITBL1(KL), NADJ(I,L)

and NADJ1(K,L), introduced in this work.

8.4.2. Kinds and Patterns of Subchannels or Gaps.

Figure 6.3 shows the control volumes (CV) employed for the

solution of the axial and lateral momentum equations respectively.

As it has been already stated in this work the axial mesh size Az of

subchannels and gaps is taken equal to H/12 were H is the wire-wrap

lead length. Within this axial length, the wire-spacer spans an

angle of 30* rotation along the axial direction. Note that the

wire-spacer rotates counter-clockwise for an observer situated at the

top of the rod and observing the wire-spacer move from the bottom to

the top.

We define three subchannel kinds namely interior (i) edge (e)

and corner (c) subchannels. These terms are widely used in the rod

bundle literature and they are illustrated in Figure 8.5.

To define subchannel patterns note clearly that for the solution

of the axial momentum equation, the subchannels are defined on a

staggered mesh, which is different than the mass or energy balance

numerical mesh. The staggered mesh can be constructed by a Az/2

upward displacement of the reference (mass,balance) mesh. It is

obvious then that the lowest intersection of the wire-spacer with the

staggered mesh should occur at the 0* location.

Figure 8.8 (a) examines the relative positions of the wire-spacer

within an interior Axial Momentum equation CVs (AMCV or

subchannels). The following situations exist:
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reference axis

(a) INTERIOR SUBCHANNEL (b) EDGE AND CORNER

SUBCHANNEL

(d) (i-i), (e-e), and (e-c) GAPS

(c) (i-i) GAP

FIGURE 8.8 . PATTERN DEFINITION FOR SUBCHANNELS AND GAPS.
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1. Spacer entering subchannel (i), moving from position L to M

(or from w = 00 to w = 300)

2. Spacer leaving subchannel (i), moving from position M to N

(or from w = 30* to w = 60*)

3. Spacer not intersecting subchannel (i).

Note that the subchannel geometrical characteristics (hydraulic

diameter, wetted perimeters and areas, etc.) are identical for

situations 1 and 2 above. Therefore, not counting situation 3, which

corresponds to a bare subchannel geometry, the number of geometrical

patterns (situations with different geometrical characteristics) is

one. We name this pattern, pattern (1).

Following the same procedure, observe that in the case of edge

AMCVs, there exist two geometrical patterns. Referring to Figure

8.8 (b), pattern (2) corresponds to the wire-wrap rotations from

position 0 to P, and from position Q to R (corresponding to w's from

180* to 2100, and from 240* to 270', respectively). Pattern (3)

corresponds to wire-wrap rotation from P to Q (2100 to 2400).

Similarly in the case of corner AMCVs, a single, (4), pattern exists,

corresponding to rotations from R to S and from S to T of Figure

8.8 (b).

We turn now to the transverse momentum equation control volumes

(TMCV or gaps). Note that the gaps are located within the reference

mesh and not within the staggered mesh. Therefore the cross-sections

of the gap horizontal surfaces and the wire-wrap spacers occur at

different angles than those arising in the subchannel case. In order
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to make things easier, we define two kinds of gaps: (see Figures 8.8

(c) and (d))

First kind : interior-interior (i-i)

interior-edge (i-e)

Second kind: edge-edge (e-e)

edge-corner (e-c)

Again the words interior, edge and corner refer to the neighbor

subchannels adjacent to the gap. Refering to Figure 8.8 (c) (First

kind gap) observe that two geometrical patterns arise. We define

pattern (1) as the configuration arising when the wire spacer is

exactly at the center of a first kind gap (moving from point L to

point M). Pattern (3) is defined when the wire spacer enters or

exits from this gap (see Figure 8.11 (d)). Patterns (2) and (4) are

defined respectively for a second kind gap.

For these subchannel and gap pattern definitions, the geomet-

rical parameters that are used in the models of Table 8.1 (hydraulic

diameters, volumes, areas, etc.) can be calculated. These

calculations are performed in subroutine H12WG in Appendix A.8.1. as

a function of P/D, H/D and wire-spacer diameter.

8.4.3. The Identification Problem-Attribute Functions

Here we define the general identification problem. For a given

control volume (subchannel or gap) we identify:
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(a) the geometrical configuration (pattern) associated with it,

and

(b) the relevant neighbor control volumes (when the CV on hand

is not bare.)

In order to explain the above more clearly, let us give some useful

definitions. The definitions presented in this work consist of an

extension to those employed in the ASFRE subchannel analysis program

[Y-1]. Index I indicates a given subchannel, as shown in Figure

5.2. For a 19-pin bundle, there are a total of 42 subchannels.

Index L marks the axial location of a given subchannel or gap. Since

Az = H/12, the subchannel (I,L) has the same geometric

characteristics as subchannel (I,L+12). We introduce a new index,

LW, which runs from 1 to 12 and is defined as follows:

LW = MOD(L,12) = L - [L/12]*L (8.17)

In identifying geometrical patterns in a subchannel, we need to only

specify indices I and LW (instead of L).

Index K indicates a specific gap (see Figure 5.2). In a 19-pin

rod bundle, there are 60 gaps connecting the corresponding

subchannels. The FORTRAN function KCHAN gives the gap number as a

function of the neighbor subchannels I and J:

K = KCHAN(I,J) (8.18)
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Since there is a one-to-one correspondence between K and (I,J),

equation 8.18 might be used to determine the neighbor subchannels I,J

of a given gap K.

Finally, the FORTRAN function LC(I,M)-- where M=1, 2 or 3--

gives the neighbor subchannels for a given subchannel I. In order to

calculate the neighbor gaps, one should use the KCHAN(I,J) function

with J = LC(I,M).

So far, we have presented only the ASFRE approach for completely

specifying the neighbor control volumes given I (for subchannels) or

K (for gaps). We now present the concept of gap direction as it is

employed in ASFRE.

Figure 8.9 defines the gap directions for all kinds of gaps

(i-i, i-e, e-e, e-c). It defines also the ICB(M,I) function as being

equal to the gap direction from the I-th subchannel toward the

LC(I,M) subchannel. (Note that the direction from the LC(I,M) to

I-th subchannel has an opposite sign number.)

The function ICB(M,I) can be used to identify the various types

of subchannels and gaps. Two subchannels or gaps are of the same

type when they have the same gap directions.

Figure 8.9 marks all subchannels with a Roman numeral which

indicates the type of subchannel. As can be seen, the interior

subchannels are of two types: Type I (for which ICB(MI) equals 1,

-2, or 3) and Type II (where ICB(M,I) equals -1, 2, or -3). Table

8.2 gives the definitions of the various types of subchannels in

terms of the ICB function. Table 8.3 gives the various types of gaps
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FIGURE 8. 9 . ICB(M,I) FUNCTION DEFINITION AND

SUBCHANNEL TYPES.
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TABLE 8.2. TYPES OF SUBCHANNELS (AMCVs) AND ORIENTATIONS.

Subchannel
Kind

interior
it

edge
"

i

i"

I"

corner
i

i

I"

i"

i"

ICB (M, I)
Values

1, -2, 3

-1, 2, -3

-3, -4, 4

1, -5, 5

2, -6, 6

3, -7, 7

-1, -8, 8

-2, -9, 9

9, -4, 0

4, -5, 0

5, -6, 0

6, -7, 0

7, -8, 0

8, -9, 0

TABLE 8.3. TYPES OF GAPS (TMCVs) PND GAP OPIENTATIONS.

Gap Kind
Gap

Orientation

(i-i) , (i-e)

-,

(e-e) , (e-c)

II

III

IV

V

VI

VII

VIII

Ix

x
XI

XII

XIII

XIV

Type

I

I I

III

IV

V

VI

VII

VIII

1

2

3

4

5

6

7

8
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as a function of the gap orientation (absolute value of the gap

direction).

Having established the concepts of kind and type for subchannels

or gaps, Tables 8.4 and 8.5 are discussed which determine, (a)

whether the wire-spacer is present or not at a given Control Volume

and if yes (b) the relative position and the relevant gap along

which DRM force balances will be performed. The input of these

tables are (a) subchannel or gap type given by tables 8.2 and 8.3

respectively, (b) the LW parameter given by equation 8.17. These

tables are defined in ASFREMIT using the FORTRAN attribute function

names ITBL(ITYPE,LW) and ITBL1(ITYPE,LW) respectively (see subroutine

H12WG).

We now explain the output provided by these attribute

functions. In both cases a zero entry indicates that the subchannel

or gap is bare, i.e. free from any spacer. In case that the entry is

different than zero the signed number in Table 8.4 indicates the gap

orientation (as defined in Figure 8.9) along which the wire enters to

or exits the subchannel on hand. This rule is not valid in case of

edge subchannels when the entry number is 50. This indicates that

the wire spacer is in the middle of an edge subchannel (arc PQ of

Figure 8.8 (b)). A similar convention is followed in the case of gap

control volumes of Table 8.5. The' only difference is the different

decades used for each number. For example a 10 entry indicates that

the wire spacer enters the gap with orientation of 10 (arc KL of

Figure 8.8 (c)). Similarly entries 1 and 100 correspond to middle

(arc LM) and exit (arc MN) position of
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TABLE 8.4. SUBCHANNEL IDENTIFICATION TABLE

interior Edge Co irnor

I I IIIV V VI VII ViII TX X XI XII Xlii NIV

1 0) -] 50 0 0 0 50 -9 0 0 0 0 0

2 -1 0 -4 -1 0 0 0 2 -4 0 0 0 0 0

3 -2 0 -4 50 0 0 0 0 0 -4 0 0 0 0

4 0 -2 50 -5 -2 0 0 0 0 -5 0 0 0 0

5 0 -3 -3 -5 50 0 0 0 0 0 -5 0 0 0

6 -3 0 0 50 -6 -3 0 0 0 0 -6 0 0

7 1 0 0 1 -6 50 0 0 0 0 0 -6 0 0

8 1 0 0 50 -7 1 00 0 0 -7 0 0

9~ 0 2 0 0 2 -7 50 2 0 0 0 0 -7 0

10 2 0 0 0 0 50 -8 50 0 0 0 0 -8 0

11 3 0 0 0 0 3 -8 -o 0 0 0 0 0 -

12 0 3 3 0 0 0 50 -q 0 0 0 0 0 -9

V w 40 w
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TABLE 8.5. GAP IDENTIFICATION TABLE

GAP

Interior-Interior
Edge-Interior

Edge-Edge
Edge-Corner

LW Type Type Type Type Type Type Type Type Type
I II III Iv v VI VII VIII IX

1 -1 0 0 -40 0 0 0 0 -900

-2 -100 -20 0 -4 0 0 0 0 0

3 0 -2 0 -400 -50 0 0 0 .0

4 0 -200 -30 0 -5 0 0 0 0

5 0 0 -3 0 -500 -60 0 0 0

6 10 0 -300 0 0 -6 0 0 0

7 1 0 0 0 0 -600 -70 0 0

8 100 20 0 0 0 0 -7 0 -0

9 0 2 0 0 0 0 -700 -80 0

10 0 200 30 0 0 0 0 -8 0

11 0 0 3 0 0 0 0 -800 -90

12 -10 0 300 0 0 0 0 0 -9
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the wire spacer. In general when 10 < IITBL11 < 100 the wire spacer

enters the gap (as it moves from bottom to top) whereas for

I ITBL11 < 10 or 100 < 1ITBLI < 1000 the spacer is in the middle or

exits from the gap respectively.

Using Table 8.4 and the ICB(M,I) and LC(I,J) functions, one can

find the relevant gap K for a given subchannel. Using this gap K,

the magnitude of the lateral velocity u of Figure 7.2 (a) can be

estimated as explained in paragraph 8.3.3. In order to obtain the

sign for u consider the following.

Figure 8.10 (a) shows three successive neighboring subchannel

surfaces (belonging to the same rod and being at the same axial

level). The dotted lines indicate the surface area of the relevant

gaps. Referring to Figure 8.10 (a), take:

K1 = KCHAN(I,Il)

K2 = KCHAN(I,12)

We now introduce a new function as follows:

1; I<J
ISIGN(I,J)= -ISIGN(J,I)= {

-1; I>J

According to ASFRE, the positive direction of lateral velocity

U(K), is indicated by the n unit vector which is directed from

subchannel I to subchannel J when I < J. If J < I, then the positive

direction is given by n 1 . In this report, as Figure 8.10 (a)

indicates, the positive direction of the lateral velocity is defined

by the right hand rule, given by unit vector n It can then be

shown that:
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nL(IJ) = IPORT*ISIGN(I,J)n 1~j (8.19)

where

IPORT = { -1; entrance gap (8.20)
1; exit gap

Applying eq. 8.19 to Figure 8.10 (a), take:

entrance
gap u1 = - ISIGN(I,Il) U(K1) (8.21)

exit gap u2 = ISIGN(I,I2) U(K2) (8.22)

In a similar way for transverse momentum equation

considerations, we obtain u as follows (see Fig. 8.10 (b)):

u = ISIGN(I1,12) U(K) (8.23)

where Il is the subchannel from which the wire-spacer is coming, and

12 is the subchannel toward which the spacer is going (as we move

up).

Finally, Figure 8.11 gives a summary of the velocity and pattern

identification problem as described in this section. In the case of

subchannels, the left branch of Figure 8.11 from "subchannel kind to

crossflow velocities" is performed in subroutine H12WG. The

attribute function NADJ(I,L) is constructed there, which gives the

adjacent subchannel J and the sign of the corresponding lateral

velocity for a given subchannel I. In the case of gaps, the same

branch of Figure 8.11 is implemented within subroutine DRML

directly. The branch of Figure 8.11 "Kind to geometrical

parameters" is implemented within subroutines DRMA and DRML for

subchannels and gaps respectively.
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SELLECTION LOGIC FOR A GIVEN SUBCHANNEL OR GAP.
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8.5 ASFREMIT Calibration and Comparisons with Experimental Data.

8.5.1 Introduction

In this section, the distributed resistance models (DRMs)

incorporated in ASFREMIT code, are calibrated and tested against

experimental data in both isothermal and mixed convection flows. The

ASFREMIT constants that are to be determined by calibration are

presented and discussed in deatail. Subsequently, the various data

predictions are presented. Numerical convergence and subchannel

formulation problems are identified and future research on these

issues is proposed.

8.5.2. ASFREMIT Calibration Constants.

The only input parameter that is left to be determined from

calibration studies is the parameter C given in equation (T-4) of

Table 8.1.

As discussed earlier we propose the following model for C.

A n 10
C = CON( 9) (1 + (8.24)

AR
mg e D

where Ag is the gap between the heated rods, Amg is the minimum

gap between the wire spacer and the adjacent rod and Dw is the

wire spacer diameter. The constants CON and n will be the

calibration constants. For each particular pattern arising in

subchannels and gaps the ratio Ag/Amg is calculated as a function

of P/D. Figure 8.12 indicates the various average positions of the
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(a)

Subchannel oatterns
1 and 2.

4e.

(b)
Subchannel number 3

(c)
Subchannel
number 2 and 4

(e)
Gap pattern 3

(d)
Gap pattern 1

G22.5

( g
Gap pattern

(4)

Gap pattern 2

FIGURE 8.12. AVERAGE POSITION OF THE WIRE-WRAP SPACER

FOR-THE VARIOUS SUBCHANNEL AND GAP PATTERNS.
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wire spacer corresponding to the various subchannel and gap

patterns. For the cases of Figure 8.12, the values of the area ratio

(Ag/Amg) are given by the following equations:

RATS

RATS

RATS

RATS

RATG

RATG

RATG

RATG

(1)

(2)

(3)

(4)

(1)

(2)

(3)

(4)

= 30.3 (1-D/P)

= RATS (1)

= (1-1.707 D/2P) /0.293

= 58.7 (1-D/P)

= 117.9 (1-D/P)

= 233.78 (1-D/P)

= 14.07 (1-D/P)

= 26.27 (1-D/P)

Note that the S and G letters above signify subchannel and gap

respectively. From Figure 8.12 note also that in the subchannel

cases, there is not a one-to-one correspondance between subchannel

patterns and the indices 1 to 4 of the FORTRAN function RATS.

Our preliminary calibration work, based on the Westinghouse data

for fuel bundles (B-1) yielded the following values for the parameter

CON of equation 8.24:

Case (a):

Case

Case

Case

Case

Case

Case

(b):

(c):

(d):

(e):

(f):

(g):
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CASE OF FIGURE 8.12 CON

(a) 1.0

(b) 1.0

(c) 1.0

(d) 0.4

(f) 0.2

(g) 1.1

(h) 0.7

In all cases, the parameter n was taken equal to one. These

values for CON and n were subsequently used in all comparisons of

ASFREMIT with experimental results. In ASFREMIT the values of CON

are read in the code in subroutine H12WG from the input file which is

defined by the user.

8.5.3. ASFREMIT Comparisons with Isothermal Flow Data.

In this paragraph, the current version of ASFREMIT is compared

against three different sets of experimental data in wire-wrapped rod

bundles:

(a) Local, lateral velocities at the gaps provided by

Westinghouse (R-2)

(b) Lateral swirl flow data at the peripheral

subchannels. (Lafay et al (L-1))

(c) Subchannel axial velocity data at low Reynolds

flows. (current work).
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ASFREMIT was originally tested against turbulent flow data

despite the fact that the primary emphasis of this work is in low

Reynold's flows where laminar or transition flow regime in expected.

The reason for this is the availability of local crossflow velocity

data under turbulent flow conditions obtained by Roidt et al (R-2).

No such data are available in laminar flows.

Figure 8.13 presents the Westinghouse data (B-1) for crossflows

in large model bundle with P/D equal to 1.25 and H/D equal to 52.

The model-to-prototype scale was 11:1 for the fuel out-of-pile

experiments. This scale allowed detailed axial and transverse

velocity measurements at the gaps between two adjacent rods. The

working fluid was air and the flow was always turbulent. Some of

their results for the crossflow at an interior subchannel gap are

given in Figure 8.13. The average crossflow function is defined as

follows:

= lu(a) (8.26)

VAtanf

where VA is the average subchannel axial velocity through the whole

test section, u(a) is the mean crossflow velocity at the gap averaged

over the gap thickness, and $ is the angle between the wire spacer

direction and the fuel rod axis. The p function (not to be confused

with the angle) is always measured at the gap. The angle a is

directly proportional to the axial distance z. For a given gap,

define a to be zero when the wire-spacer is the gap.
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Then for the same gap and at distance &z downstream from the flow:

a = 2I (8.27)H

where H is the wire-spacer lead length. The data in Figure 8.13 are

anti-symmetric for 1800 < a < 3600. The solid curve in Figure 8.13

represent a best fit application of the relationship (from

conservation of mass):

T(a) = T(a + 60') - T(a + 120*), 00< a < 60' (8.28)

which would hold if there were negligible variations in the mean

subchannel axial velocities with a. (See B-1 for details.)

The thick solid horizontal bars in Figure 8.13 gives the

ASFREMIT predictions for the same P/D and H/D values and for water

flow at Re equal to 21,000. Predictions are satisfactory when the

wire wrap angle a lies between 00 and 1050. However, for a moving

from 1050 to 135* the crossflow is overpredicted whereas for a in the

135* to 1650 interval, ASFREMIT fails to predict the "flow reversal"

as indictated by the data. We attribute this latter problem

to the formulation of the pressure and convective terms of the

ASFRMIT subchannel momentum equations. This can be explained with

the help of Figure 8.14 (a). The crossflow in gap K will be

determined by two counteracting effects. The wire spacer, being at

1440 and moving from subchannel (i) to subchannel (j) will tend to

"push" the flow along the same direction (from (i) to (j)). In
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FIGURE 8.1 4 (a). WIRE-SPACER AT 1440.
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contrast due to the presence of the wire spacer in the center of

subchannel (i), the surrounding axial velocity field increases its

magnitude resulting in a local drop of the pressure around the wire.

This high velocity region in the vicinity of the wire-wrap was

clearly observed in our Hot Film Anemometry studies at the exit plane

of our wire-wrapped bundle. These latter phenomena will create a

"pulling" effect causing some crossflow moving from (j) to (i).

Figure 8.14 (b) gives the local lateral velocity profile data

obtained by the Westinghouse experiments (B-1). The arrows indicate

the magnitude of the lateral velocity taken along the gap using a

pitot-static tube. In this Figure both the "pushing" and "pulling"

effects are clearly indicated by the crossflow velocity profile. Our

distributed hydraulic resistance models account for the pushing

effects only. Therefore these models are incapable to produce any

"pulling" effect. This latter effect can be correctly accounted for

through the pressure and convective terms of the lateral momentum

equation. As it can be seen from Figure 8.1 the COBRA code has been

more successful in predicting the pulling effects. This can be

explained on the basis of COBRA's steady state lateral momentum

equation:

A(u*W..)

Ax (pi - p) - F.. (8.29)

convective pressure resistance
term term term

The parameter S/Z is given as an input to the code. In case of

Figure 8.1 it was taken equal to 0.3. The S/z parameter can be
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understood as a weighting factor of convective and pressure forces.

The lower its value, the more emphasis is placed in the convective

terms which in turn enhance the pulling phenomenon. This latter

effect can be illustrated with the help of Figure 8.15. Here all

conditions are similar to those of Figure 8.1 except the S/z

parameter which is smaller and equal to 0.1. Comparing Figure 8.1

and 8.15 it is clearly seen that for a between 120* and 165* the

pulling effects are much more pronounced in the COBRA predictions of

Figure 8.15 where the S/2 parameter is the smaller.

In order to achieve the same behavior with the ASFREMIT code,

both the axial and the lateral momentum equations were modified to

account for the presence of the wire spacer in all geometrical

parameters as indicated in equation 6.18. Unfortunately, these

changes rendered the code numerically unstable with most of the runs

diverging in the first ten iterations. Given the cost/execution

speed limitations of our computer facilities, it was decided not to

pursue any further exploration of the numerical problems. Instead

more ASFREMIT comparisons were performed with other data under

different geometrical or flow conditions.

Lafay et al (L-1) performed local lateral flow (swirl flow)

velocities measurements at the peripheral gaps of a 19-pin

wire-wrapped bundle using a hydrogen bubble technique. These data

are presented in Figure 8.16 together with the ASFREMIT predictions

for the center gap at one hex edge. (The predictions are given by

the triangles). It is observed that there is a qualitative agreement
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between the predictions and the data. However, deviations may be as

much as by factor of two.

ASFREMIT was also compared against our axial velocity data in

laminar flows. Figure 8.17 plots out HFA data at the exit plane of

the 19-pin wire-wrapped bundle against the ASFREMIT prediction. (For

subchannel identification see Figure 5.2). In Figure 8.18, ASFREMIT

is compared against another series of subchannels of the same

experimental run. Overall the agreement between predictions and data

is satisfactory. For the subchannels 29 and 25 (Figure 8.18) the

data are overpredicted by as much as 20%. Note that these HFA data

were taken at a horizontal plane at the exit region of the rod bundle

while ASFREMIT predictions represent an axial average over H/12

wire-wrap lead length. Also note that due to construction problems,

the areas of subchannels 25 and 15 were made 10 to 15% larger than

the average edge subchannel area.

8.5.4 ASFREMIT Comparisons with Mixed Convection Temperature Data

Some preliminary comparisons of ASFREMIT versus temperature data

under low flow mixed convection conditions with power skew are

presented in this paragraph. The data were obtained in the present

work in Chapter 5.

Figure 8.19 corresponds to Run TI with power skew equal to 5:1

(subchannels 9,4,1,2 at high power) Re equal to 1194 and Grq/Re

987. This run conditions correspond to the onset of mixed convection

effects. Both data and prediction exhibit a sharp temperature

gradient corresponding to the high power skew ratio. Note that
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ASFREMIT fails to predict the temperature "dip" that the data show in

subchannel 34. This may be caused by the smoothing effects of the

H/12 axial temperature averaging performed by ASFREMIT.

Figure 8.20 corresponds to Run T2 with the same power skew as

above but Re=1240 and Grq/Re=1568. Here the mixed convection

effects are more prominent and the profile of the temperature data is

flatter than that in case T1. ASFREMIT prediction follows

qualitative these trends but in an unsatisfactory way. The reason is

that this ASFREMIT calculation is not converged and represents the

results of the 50th iteration of the solution algorithm. For reasons

that are not clear at th.is stage the code diverged in the subsequent

iterations. Figure 8.20 reflects an energy imbalance i.e., ASFREMIT

prediction shows more energy input than the data, so it probably is

not converged. Therefore more work on the solution algorithim of

ASFREMIT is needed before more calibration/validation work can be

performed.
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CHAPTER 9

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

9.1 Introduction

In this work the following general Tasks have been completed

Task I. Fundamentals of Low Reynolds Mixed Convection in Rod Bundles

Mixed Convection phenomena for vertical low Reynold's number flows

have been investigated both experimentally and analytically. Data were

obtained in both bare and wire-wrapped rod bundles. Empirical correla-

tions for heat transfer coefficients under the above conditions were

derived.

Task II. Subchannel Analysis for Wire-Wrapped Rod Bundles

The advantages and limitations of the subchannel analysis approach

for thermo-hydraulic analysis of wire-wrapped rod bundles have been

studied. Flow resistance models were developed to account for the speci-

fic geometry of the wire-wrapped bundle. Attribute functions were developed

to incorporate these models as the ASFREMIT subchannel analysis code.

Task III. Data Base for Code Validation

Subchannel velocity and temperature data were obtained at the exit

region of a 19-pin wire-wrapped rod bundle under low Reynold's number Flow

Mixed Convection conditions. These data may directly be used for

validation/verification studies of subchannel analysis or porous body

numerical programs.

Task IV. Preliminary Model Validation Studies

Model validation studies were performed using the data of Task III
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plus other data available in the literature.

In what follows the most important accomplishments and conclusions

are outlined. Recommendations for future experimental, analytical and

numerical work are suggested based on the limitations of our current data

and our predictive capabilities for low Reynold's number mixed convection

flows.

9.2 Conclusions

9.2.1 Mathematical Formulation of the Mixed Convection Problem

The non-dimensional differential equations and the corresponding

boundary conditions for fully developed laminar mixed convection flows in

vertical ducts were formulated. It was shown that under these conditions,

the mixed-to-forced friction factor coefficient ratio and the Nusselt

number depend on the Gr /Re ratio, the duct geometry and the shape func-

tion of the boundary conditions for heat flux or temperature distribution.

9.2.2 Experimental and Measurement Techniques

(a) Bundle Design and Construction

A 19-pin wire-wrapped rod bundle was designed and constructed. All

rods could be individually heated to 2 KW using 19 variac autotransfor-

mers. For low Reynold's flow rates (Re < 800) mixed convection flows

could be established with Gr /Re values as high as 2.4 x 104. The major

design innovation in this work was the fact that the upper plenum was made

free from any piercing rods, so that instrumentation could be easily

placed there to perform detailed local subchannel measurements at the exit

region of the rod bundle. A second design innovation consisted of

designing a leak proof lower plenum to allow penetration of the heated



275

rods from the bottom of the test section.

(b) Pressure Drop Measurements

A method was established to measure low flow pressure drop under

mixed convection conditions. It was found that thermal transients in the

manometer tubes as well as in the manometer itself may significantly

deteriorate the accuracy of the measurement. Special insulation and pro-

cedural techniques were employed to minimize this error. The accuracy

achieved in this work for pressure AP measurements in mixed convection was

30%. The accuracy of subsequent data based on experience from this

work has been improved to 12%.

(c) Instrumented Rod Measurements

In order to perform-heated rod wall temperature measurements an

Instrumented Rod (IR) was designed and constructed. The IR allowed temp-

erature measurements along the interior side of its heated wall (wall

thickness 0.53 mm) at any axial or azimuthal location. Standard copper-

constantine thermocouples were used with accuracy of 0.5*F.

(d) Hot-Film Anemometry (HFA) Measurements

A HFA technique was established to measure local subchannel axial

velocities. To calibrate the HFA probe, a transversing cylindrical tank

mechanism was designed and constructed. In order to achieve higher

accuracy and minimize calibration time, an "in-situ" HFA calibration

method was developed. The resulting velocity measurement random error was

less that 8.0 % for isothermal flows.
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9.2.3 Experimental Results and Semi-empirical Correlations

(a) Low Reynold's Number Isothermal Pressure Drop

The low Reynold's number isothermal pressure drop and friction factor

coefficient data obtained here closely parallel other data available in

the literature. The friction factor data obtained in the MIT 4 x 4 pin

square array bare rod bundle (with P/D equal 1.25) were well predicted by

Rehme's correlation:

f0 = 82.4/ReDe ; ReDe < 1000

where the constant 82.4 corresponds to the particular value of P/D =

1.25.

The friction factor data in our 19-pin wire-wrapped bundle were

correlated by the following empirical formula:

fo = 28.8/Re0 .83  Re < 1000De Re<10

(b) Buoyancy-Induced Instability Phenomena

Despite the fact that the Reynold's number was kept below 1,000,

extensive instability phenomena were observed in both the bare and wire-

wrapped bundles. Thermal plumes (buoyancy-induced instabilities) were more

pronounced at higher values of Re and Gr /Re parameters. For Re ~ 200

and Gr /Re ~ 104, subchannel temperature fluctuations were recorded of the

order of 8.0%. The intensity of these fluctuations depended on both Re

and Gr /Re parameters.

(c) Mixed Convection Friction Factors

The mixed-to-forced convection friction factor coefficient ratio f/f0
under the same Reynold's number conditions was an increasing function of

Gr /Re. It was also found that for higher Re values (around 1000) the
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f/f ratio was slightly lower although the more recent data reported in

Figure 3.8 taken with improved accuracy did not show a Re affect. All of

our f/f versus Gr /Re data were significantly lower than the

corresponding circular tube data as well as the 91-pin wire-wrapped bundle

data reported in M-1. We are currently examining the unheated wall effect

in order to explain these differences.

(d) Mixed Convection Heat Transfer Coefficients

The ratio Nu/Nu (mixed-to-forced convection Nusselt number ratio

under the same Reynold's number) exhibited a similar behavior to f/fo.

The following empirical formula was derived, based on our experimental

results:

Nu/Nu 0 = 0.39 (Gr /Re)0.178

when Re < 400 and Gr /Re < 104

For higher values of Re and Gr /Re the Nu/Nu ratio exhibited a

slight decrease with increasing Gr /Re. This can be attributed on relami-

narization effects of turbulence, already present for Reynold's number

larger than 200 to 300.

(e) Temperature Profile in Mixed Convection

Buoyancy effects tended to smooth out radial temperature gradients in

both the fluid (subchannel) region and solids (heated rod walls). The

subchannel temperatures were measured at the exit region of the wire-

wrapped bundle. Various Gr /Re values and power skew conditions were

examined. In all cases, for higher Gr /Re values, flatter intersub-

channel temperature profiles were obtained under the same power skew con-

ditions. These data can be directly used to validate/calibrate lumped
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parameter analysis numerical programs under mixed convection and power

skew conditions.

Similar buoyancy induced phenomena were observed for the heated rod

wall temperature measurements using the Instrumented Rod (IR) in a 19-pin

array. A parameter c was defined as follows:

C = (Tw(z)max TW(z) mn) / i" kw/R)

where T w(z) is the IR wall temperature at a given axial location z, min

and max refer to the minimum and maximum azimuthal temperatures respec-

tively, q" is the IR surface heat flux and kw is the IR wall thermal con-

ductivity. The parameter c was always decreased with increasing Gr /Re.

This behavior should be attributed to the increasing flattening of the

subchannel temperature profiles when buoyancy effects become more pro-

nounced. For the range of experimental conditions examined in this work,

the parameter c was always less than 0.1 for uniform rod power distribu-

tion.

(f) Subchannel Axial Velocity Profiles in Isothermal Flows

Subchannel axial velocity data in isothermal flows were obtaind at

the exit region of the wire-wrapped bundle using the Hot-Film Anemomety

(HFA) technique. Each subchannel area was scanned with the HFA probe so

that 10 to 13 velocity readings per subchannel at different points were

taken. The subchannel velocity then was estimated as the average of these

readings. All 48 subchannels were scanned and average subchannel veloci-

ties were estimated for three different Reynold's numbers; 320, 160, and
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78. Velocites in the edge subchannels were always higher than the veloci-

ties in the interior ones and they were increased with increasing

Reynold's number. For Re - 160 the edge flow split was around 1.14. Our

velocity data can be used to validate hydraulic resistance models in

lumped parameter numerical programs.

9.2.4 Physical Modeling and Numerical Simulation

(a) Distributed Resistance Models for Wire-Wrapped Bundles

Hydraulic resistance models were developed to account the presence of

the wire-wrap spacer in the rod bundle. These models are of "Distributed

Resistance" type and give the axial and transverse momentum equation flow

resistances as a function of subchannel geometry and flow direction. The

models are general enough to cover a wide range of geometrical parameters

(P/D, H/D), flow regime (laminar, turbulent) and mixed convection effects.

These models are applicable to both subchannel analysis and porous body

approaches.

(b) The Computer Code ASFREMIT

The above hydraulic resistance models were incorporated into an

existing subchannel analysis numerical program (ASFRE) for the particular

case of axial mesh size Az equal to H/12, where H is the wire-wrap lead

length. Atribute functions were developed to establish correspondence

between each individual computational cell (of both axial and momentum

equations) and the set of hydraulic resistance models pertaining to a spe-

cific set of geometrical patterns.

(c) Preliminary Results of ASFREMIT

The new models, as implemented in conclusion (b) above, were tested

against turbulent flow data available in the literature as well as against
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our own isothermal and mixed convection low Reynold's number data. An

initial calibration of the model constants has been completed. The models

satisfactorily predicted the swirl flow under turbulent flow conditions.

Comparisons with the Westinghouse data for gap crossflows indicated that

pressure terms in the axial and transverse momentum equations need to be

reformulated to account for the presence of the wire-spacer. Comparisons

with our low Reynold's number isothermal or mixed convection flow data

gave satisfactory results. However numerical convergence problems pre-

vented completion this task.

9.3 Recommendations for Future Work

9.3.1 Introduction

In this section we discuss all questions that still remain open and

formulate proposals for accomplishing future work to resolve these

questions. In additions we propose work on new problems which emerged

during the course of this work. In what follows, the proposals are

grouped into three different areas namely, experimental, analytical and

computational.

9.3.2 Experimental work

(a) Heat Transfer Analysis in Laminar/Transistion Mixed Convection

The scope of this work is to extend our initial wall temperature

distribution data by placing the Instrumental Rod (IR) in edge and corner

subchannels. Experiments should be run under various power skew con-

ditions and empirical correlations formulated for the average heat

transfer coefficients and the parameter

c = (Tmax - Tin) / (q" k /R)w w w
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In particular for the parameter c, work should be performed under forced-to

-mixed convection experimental conditions where c is expected to attain

its maximum value.

(b) Pressure Drop in Laminar/Transition Mixed Convection

The effect of Reynold's number on friction factor coefficients in

mixed convection has to be further examined for both bare and wire-

wrapped rod bundles. The power skew effect on pressure drop should also

be considered.

(c) Subchannel Axial Velocity Profiles in Mixed Convection

The applicability of our Hot Film Anemometry calibration technique

for isothermal flows should be extended to mixed convection flows. For

this purpose, an on-line calibration technique for the HFA bridge output

versus temperature needs to be developed. Subchannel axial velocity data

should be obtained at the exit region of the wire-wrapped bundle under

mixed convection conditions. These data may be used for code validation/

calibration under such conditions.

(d) The Effects of Inter-Assembly Heat Transfer

The effect of inter-assembly heat transfer on pressure drop and tem-

perature gradients in both fluid and solids (see (a) and (b) above) should

be examined. To simulate inter-assembly heat transfer phenomena, an

external cooling channel should be constructed to cool an arbitrary side

of the hexagonal wrapper tube. Using this external cooling channel,

inter-assembly heat transfer coefficients can be obtained under both

forced and mixed convection conditions.

(e) Turbulence Mixing in Low Reynold's Mixed Convection

Our experimental work indicated that temperature fluctuations under
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mixed convection/recirculation conditions may be as high as 8.0% for

Reynold's number less than 600. Since current turbulence mixing models

for rod bundles do not apply in such conditions future work should be

done in this field. From an experimental point of view flow instability

maps should be constructed as a function of Gr and Re numbers. In addi-
q

tion Fast Fourier transform analysis of termperature signals will deter-

mine the appropriate time and length scale of the turbulence fluctuations

caused by the buoyancy induced thermal plumes.

9.3.3 Analytical Work

(a) Pitch-to-diameter Ratio Effects on f/fo and Nu/Nu

Analytical studies for fully developed mixed convection flows in bare

rod bundles show that there is a strong P/D effect on f/f or Nu/Nu0

functional relationship with Gr /Re. Since this effect is implicity hid-

den in the boundary conditions of the conservation differential

equation, it is proposed to develop a simple explicit P/D factor to modify

the equivalent annulus f/fo correlation with Gr /Re based on the concept

of the hydraulic diameter.

(b) Turbulence Mixing Models in Low Reynold's Mixed Convection

Based on the experimental data of 9.3.2 (e) turbulence mixing models

should be developed. These models can be directly used in porous body or

subchannel analysis codes. Work should be conducted in both bare and

wire-wrapped bundles.

9.3.4 Numerical Work

(a) Formulation of Subchannel Analysis Equations

As discussed earlier the subchannel momentum equations in ASFRE

should be reformulated in order to account for the correct surface and
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volume porosities, in particular for the lateral momentum equation.

An S/l parameter, similar to that used in COBRA code should be introduced

to supplement the step already accomplished of incorporating wire-wrap

geometry into the convective and pressure terms of the momentum equations.

(b) The Solution Algorithm

The main numerical problem arising during the implementation of the

new distributed hydraulic resistance models is that the solution algorithm

diverges when large values are assigned to the multiplying constants of

the models. Work has to be pursued in this area in order to develop a

more stable solution algorithm than that currently employed in ASFRE.

Several options should be considered.

1. Eliminate the second half time step of the ADI method

keeping only the first half-time step.

(SIMPLE algorithm)

2. Use under relaxation techniques in the first half time step

in order to estimate in more realistic way the pressure

correlation terms.

3. Introduce the SIMPLER solution algorithm (Patankar, 1979).
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APPENDIX A.3.1

Correlation of Gr /Re with Gr (M-1)

In M-1, the folowing Gr number is used:

Gr =
g (Te -

2

T. ) D
(1)

where T is the exit temperature of the fluid at the exit of the heated

zone. Then:

qP L

Te -Tin ~(P w 2)
m C

p

where L is the heated length. Substituting (2) in (1):

g 11 D4wc L
Gr = w c

kv

Gr
Gr = 4 R Pr1 e

RePrD

w 
4 P k4 mp

(3)

L = 93.0 cm, De = 0.326 cm, and Pr ~ 3.0 (for ~T 60'C) then:

Gr
Gr 380 Re

or

Since

(4)
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APPENDIX A.3.2

Pressure Drop Estimation Under Mixed Convection

Figure 3.4 shows a schematic of our test section and the differential

pressure measuring device (electronic manometer). The objective is to

measure the pressure drop due to friction between axial levels (1) and (2)

in Figure 3.4. Assume that the temperature of the water in the tubes that

connect the manometer with the test section is equal to the inlet tem-

peratures T . The static pressure balance equation for the manometer

gives

ApM = P1 ~ P2 - pogH (1)

where p1 , p2 are the static pressures at points (1) and (2) and ApM is the

reading (in Torrs) at the electric manometer. In isothermal flows, the

Bernoulli equation for the test section gives:

iso
p1 = p2 + pogH + (AP)f (2)

where (Ap)iso is the frictional pressure drop in isothermal flows.

Substituting (2) into (1) take:

ApM = (Ap) 5so (3)

Eq. (3) says that in isothermal (or forced convection) flows, the

reading of the manometer corresponds directly to the frictional presure

drop. However, if the fluid in the manometer tubes has a density of pM
(different than p ), then:

ApM = (A iso + ( ~ pM)gH (4)
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In mixed convection cases (MC), the Bernoulli equation has the

following form:

2i+p p2 + p22 2zi

Pi -p2 lu (2 - 1) +

2 
1

p(z)g dz + (APf)MC

f p(z)g dz + (APf)MC
zI

Here we have made use of the continuity equation:

plul = p 2 u 2

Substituting (6) into (1) take:

(Apf)MC = MC - pu 2( -l

2

+ f 2 [0 - p(z)]g dz
z1

In laminar forced convection and mixed convection flows in our bundle,

the velocity ranges from 2 to 10 cm/sec. Therefore the inertia term in

equation (7) can be neglected. Using the following definitions:

pM = VM p dV

where VM is the volume of the manometer tubes

and = I f 2 p(z) dz
zi

equation 7 is written as follows:

or

(5)

(6)

(7)

(8)

(9)
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p C MC+ H g ( , (10)Af =PM + M H ~l P 1,2)

This is the requred form.

Up to now it was assumed that the temperature of the water within the

vertical part of the manometer tubes (see Figure 3.4) remains constant.

Therefore, we should make sure that the increasing temperatures within the

test section (during the heat-up transient) do not affect this vertical

part of the tubes. In order to achieve that, the horizontal part of the

manometer tubes should be long enough so that the time that it takes for the

heat to diffuse all along the horizontal part is longer than the total tran-

sient time (-10 min). Rough calculations using the formula

L ~ Vat

where a is the water thermal diffusivity (a ~0 6 to lo~ m2 /sec) and for

t = 20 minutes, indicate that the horizontal length L should be of the order

of 4 cm. Therefore for L - 10 to 20 cm the above assumption should be

readily satisfied.
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APPENDIX A.4.1

Gruszczynski and Viskanta Heat Transfer Correlation

In this appendix the heat transfer correlation of Gruszczynski and

Viskanta is recasted in terms of the Gr q/Re parameter. The above authors

used the following Grashof number in correlating their data:

Gr = g (Tw - Tf) D / 2 (1)

where Tw and T are the wall and fluid temperatures respectively, averaged

over the total bundle length including the entrance length. They proposed

the following correlation:

Nu = 0.0667 RR. 80 Pr0.43  80 < Re < 300 (2)

Since the flow in the bundle was driven through natural circulation, Re

was a function of Gr. It was experimentally found that:

Tr Pr = 575 R).12 80 < Re < 650 (3)

Gr -
Defining = Gr Nu and using (3) and (2) take:

IYe 7e

-- ~ 38.3 Re 0"92  (4)

Re Pr0.57

Eliminating the parameter Re from equation (2) and (4) take:

Nu = 2.8 x 10-3 (G) 0.87 Tr (5)
7e
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APPENDIX A.4.2

The RaD Dimensionless Number

In this Appendix the RaD number is expressed in terms with the Gr q/Re

parameter.

From equation 1.30 take:

4 Gr = Re Pr - GrAT (1)

g (T - T ) D3
Since GrAT =0 (2)

V

3 g (T - T 0) D3

and GrD = 2 (3)

then Gr = Gr T D3 = Gr T* (3 (4)
D AT T1  T0  e AT De)

by definition RaD = GrD Pr aT*/3 z* D (5)
D D ~T* D

Using equations (4) and (1), equation (5) is written as follows:

Ra = 4 Y ( )4 (6)
D Re De
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APPENDIX A.7.1

Validation of Gunter-Shaw Correlation

for a Single Gap of Triangular Rod Arrays

For triangular rod arrays, the Gunter-Shaw correlation, (G-S), given

by equation 7.31, is applied over one or multiple stages of rod rows, as

shown in Figure 7.7(b). The total presure drop, PA - PF = AS (see Figure

7.7(b)), can be obtained as follows:

4.2 = C u2-a (1)L g

where C is a proportionality constant (given by the G-S correlation)

/3P
L = P cos 30 = - (2)

and

1; laminar flow

a = {(3)
0.145; turbulent flow

According to the G-S correlation, u is the maximum velocity at any
g

gap. So, acording to Figure 7.7(b)

u g = u 1 = u j k (4)

From continuity, take:

u 1 1(5u. =--u -u (5)i j ' 2 9Z,i 2 'g

Also, from eqs. 7.29 and (1):

Apg, + AP = C L u2-a (6)PZ 2 + "i~ig
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Now, assume that

AP Y.i ~

Apij ~

From equations 4,

Api1p ., =

2-a

u x

5, 7

2 2-a

(7)

(8)

and 8 take

(9)

From equations 9 and 6 obtain

2L
'Pi gj -

C3 + 22-a 
u 1)2-a

-2
2(1+2 )

(10)

2L C

Since L = L 1

3 2-a

2(1+2 )-

2= L (see Figure

(11)

7.7(b)), equations 10 and 11 give:

Ap. ./L. . =
1,3 1,3

C 3 2a
2(1+2 a-2) 1,'

(12)

p L . 3 2-a
,i9= C2 ( 1+2a-2 u' (13)

Note that C is the same for all three control volumes, namely the

gaps R.-i and i-j as well as the cell volume. Equations 12 and 13 indicate

that for triangular rod arrays, the G-S correlation is still valid over a

gpa control volume if it is multiplied by the factor

3M= a-2 (14)
2(1+2 )

In laminar flows, a=1 and ML = 1. In turbulent flows, a = 0.145 and MT
= 1.175. Therefore, the G-S friction factor coefficient given by equation
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7.33 has to be multiplied by M, yielding

1.80/ReD
v

2.25/Re0.
145

D
v

laminar flow

(15)

; turbulent flow

f = MfL = {
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APPENDIX A.8.1

Subroutines H12WG, DRMA, DRML, FRIFAC.
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C
85 VOLSUB-DVPS(IPAT)*AWPS(IPAT)/4.0

FAVIM=(FRAM+FWTIM*DCOS(PHI)+FWNIM*DSIN
FAVEX=(FRAEX+FWTEX*DCOS(PHI)+FWNEX*DSIN
IF(IWIRE .NE. 6) RETURN
IF(FAVIM .LT. 0.0) FAVEX=FAVEX+FAVIM*WS
IF(FAVIM .LT. 0.0) FAVIM=O.O
RETURN

90 FAVIM=0.0
FAVEX-O.0
RETURN

C
C BARE ROD BUNDLE
C

(PHI))/VOLSUB
(PHI))/VOLSUB

100 FAVEX-0.0
REBS-DVBS(IPAT)*RAV*DABS(WS)/VISCAV
IF(REBS .LT. 1.OD-04) GO TO 110
FTOTA=AWBS(IPAT)*FRIFAC(REBS,ALAM(IPAT))*RAV*DABS(WS)/8.0
FAVIM=FTOTA/DVBS(IPAT)*4.0/AWBS(IPAT)
RETURN

110 FAVIM-0.0
RETURN
END
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SUBROUTINE DRML(K,LI,JM,RAVVISCAVFLVEXFLVIM)
IMPLICIT REAL*8(A-H,O-Z)

THIS SUBROUTINE CALCULATES THE LATERAL HYDRAULIC RESISTANCE ON THE
FLUID FLOW WITHIN A SUBCHANNEL OR GAP FOR BARE OR WIRE-WRAPPED

ROD BUNDLES

Cm== COMMON ======
COMMON /GMT/
1 ,LMAXM
2 ,KCHAN(42,42)

3 ,NHALF
4 ,PITCH(60)
5 ,DHW(42,31)
6 ,B(42,31)
7 ,VW(42,31)
COMMON /OPT/
1 ,IBLCK
COMMON /VAR/
1 ,P6N(42,31)
COMMON /WGIP/
1 PHI,DWRATSi

NCHAN
,KMAX

,THETA (31)
,RP

,DZ (31)
,DHU(60,31)
,D(60,31)
,NWRAP

IVFLAG
IWIRE
U6LN (60,3

,Q6LN(42,31)

,NCHANM

,ICB (3,42)
IBD (42)

,WT
,ZCHNL (32)

,A(60,31)
,VS(42,31)

,MWRAPT (18)
,ITFLAG
,IGRID

1) ,W6LN(42,31)
,R6LN(42,31)

, LMAX
,LC(42,3)

,ITYPE (42)
,GAP (60)

,DS (60)
,AC (60,31)
,VC(60,31)

I WRAP (18)
, FFLAG
ICF LAG

,T6LN(42,31)

NADJ (42,12) ,DVBS (4) ,DVPS (4) ,AWBS (4) ,AWPS (4),
(4) ,RATG (4) ,DELZ,DVBG (4) ,DVPG (4) ,AWBG (4) ,AWPG (4),

2 ALAM(4),BB(4),DD(4),PWB(4),PWD(2),CFWN,PIT,NADJI(9,12)

C
C

C
C
C

PAI=4.0*DATAN(1.ODOO)
LW=MOD (L, 12)
IF(LW .EQ. 0) LW-12
IGADI-ICB(M, I)
NTYPE=IABS(IGADI)
IWIDI=NADJI(NTYPE,LW)
IF(IWIDI .EQ. 0) GO TO 100

MPROD=IWIDI*IGADI
IF(MPROD .GT. 0) GO TO 10
Il=J
12=1
GO TO 20

10 11-
12-J

20 CONTINUE
JSIGN=1
IF0(1 .GT. 12) JSIGN=-1

I PAT-i
IF(NTYPE .GT. 3) IPAT=2
IF(IABS(IWIDI) .GT. 9) IPAT=lPAT+2
UG-U6LN(K,L)*JSIGN
LU=L+1
IF(L .EQ. LMAX) LU=L

ESTIMATE THE AXIAL VELOCITY MAGNITUDE

IF(IPAT .GT. 2) GO TO 30
WG-(W6LN(I ,L)+W6LN(ILU)+W6LN(JL)+W6LN(J,LU))/4.0

C
C
C
C
C
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IF(FWNIM .GT. 0.0) FWNEXmFWNEX+FWNIM*UG*JSIGN
IF(FWNIM .GT. 0.0) FWNIM=0.0
GO TO 60

50 FWNEX=0.0
FWNIM-0.0

C
C CALCULATE THE FRL COMPONENT USING THE GUNTER-SHAW CORELATION
C

60 IF(DABS(UG) .LT. 1.00-08) GO TO 70
REUG=REVG*DABS(UG)/VG
FGS-180.0/REUG
IF(REUG.GT.200.0 .OR. REVG.GT.400.0) FGS=2.25/REUG**0.145
FRLIM=FGS*AWBG(IPAT)/8.0*RAV*DABS(UG)*DVPG(IPAT)/PIT*0.917
GO TO 80

70 FRLIM-0.0
C
C CALCULATE THE TOTAL LATERAL DRAG
C

80 VOLGAP-DVPG(IPAT)*AWPG(IPAT)/4.0
FLVIM-(FRLIM+FWTIM*DSIN(PHI)-FWNIM*DCOS(PHI))/VOLGAP
FLVEX=(FWTEX*DSIN(PHI)-FWNEX*DCOS(PHI))/VOLGAP
IF(IWIRE .NE. 6) RETURN
IF(FLVIM .LT. 0.0) FLVEX-FLVEX+FLVIM*UG*JSIGN
IF(FLVIM .LT. 0.0) FLVIM=0.0
RETURN

90 FLVIM-0.0
FLVEX=0.0
RETURN

C
C BARE ROD CASE
C

100 FLVEX-0.0
UG=U6LN(K,L)
IPAT=1
IF(NTYPE .GT. 3) IPAT=2
IF(DABS(UG) .LT. 1.OD-08) GO TO 110
LU=L+1
IF(L .EQ. LMAX) LU=L
WG=(W6LN(I,L)+W6LN(I,LU)+W6LN(J,L)+W6LN(J,LU))/4.0
VG-DSQRT(WG**2+UG**2)
REUB=DVBG(IPAT)*RAV*DABS(UG)/VISCAV
REVB=REUB*DABS(VG/UG)
FGB=180.0/REUB
IF (REVB .GT. 200.000) FGB=2.25/REUB**0.145
FTOTL=FGB*AWBG(IPAT)/8.0*RAV*DABS(UG)*DVBG(IPAT)/PIT*0.917
FLVIM-FTOTL/DVBG(IPAT)*4.0/AWBG(IPAT)
GO TO 120

110 FLVIM=0.0
120 CONTINUE

RETURN
END

C
C
C
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REAL FUNCTION FRIFAC*8(RE,A)
C
C THIS FUNCTION CALCULATES THE FRICTION FACTOR COEFFICIENT
C BASED ON REHME'S THEORETICAL WORK.
C
C THE LAMINAR-TRANSITION REYNOLDS NUMBER RELT=600
C THE TRANSITION-TURBULENCE REYNOLDS NUMBER RETT-2000
C

DATA RELT,RETT/6.0002,2.0DO4/
IF(RE .LT. RELT) GO TO 10
IF(RE .GT. RETT) GO TO 20
PSI=(RE-RELT)/(RETT-RELT)
FRIFAC-A/RELT*(1.O-PSI)+0.316/RETT**0.25*PSI
RETURN

10 FRIFAC-A/RE
RETURN

20 FRIFAC=0.316/RE**0.25
RETURN
END
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APPENDIX A.8.2

Subroutines UCLCALC, WLADI1, WLADI2.
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SUBROUTINE ULCALC
IMPLICIT REAL*8 (A-HO-Z)

***** ULCALC *****

C I I
C I THIS SUBROUTINE SOLVES TRANSVERS MOMENTUM EQUATION, ASSUMING ZERO I
C I I
C I MOMENTUM FLUX TRANSPORT DIFFERENCES IN TRANSVERSE DIRECTION. I
C I I

C
C---- COMMON

COMMON /MAT/
COMMON /GMT/
1 ,LMAXM
2 ,KCHAN(42,42)

3 ,NHALF
4 ,PITCH(60)
5 ,DHW(42,31)
6 ,B(42,31)
7 ,VW(42,31)
COMMON /CNT/
1 ,DTHLF
2 ,NOUT
COMMON /BND/
1 ,WDATA(20)
2 ,TDATA(20)

3 ,PXTO(20)
4 ,INFLAQ
5 ,PDIST(31)
6 ,TIN
COMMON /BLK/
1 ,MESHBL
2 ,CPBLC

3 ,SGMB(60)
COMMON /GRD/
1 ,FLOSS(42,31)
COMMON /VAR/

1 ,P6N(42,31)
COMMON /WRK/
1 ,W6LNT(42,31)
COMMON /LIQ/
1 ,CNDLX(60,31)
2 ,VISCOS

C
C

DATA
DATA

AMT (42,42)
NCHAN

,KMAX
,THETA (31)

,RP
,DZ(31)

,DHU(60,31)
,D (60,31)
,NWRAP

NST E P
,TMAX
,PEPS

INFLAW
INFLAT
INFLAP

,PXTI (20)
,MAXQ

,QIN
,PIN
LBD

,LBS(42,31)
,CNDBLC

,DZBL
DZGR

,JSPACE(42,31)
U6LN(60,31)

,Q6LN(42,31)
DIVL(42,31)

,U6LNT(60,31)
CPLN(42,31)

,CNDLZ(42,31)
,VSCLZX(60,3

COEFF I
LPD

LST =1
IF(INFLAP.EQ.2) LST -2

LEN =LMAX
DO 2100 I -1,NCHAN

DO 2100 M =1,3

,BMT (3, 31)
,NCHANM
,ICB (3,42)

IBD (42)
,WT

,ZCHNL(32)
,A(60,31)
,VS(42,31)

,MWRAPT(18)
,T I ME
,NMAX

,MAXW
,MAXT
,MAXPO
,PODATA(20)
,QXT(20)

,SGM (42)

,LBU
,LBCR(60,31)

,WBLK

,LGR(31)

,Y (31)
,LMAX

,LC (42,3)
,ITYPE (42)

,GAP (60)
,DS (60)

AC (60,31)
VC (60,31)

,IWRAP (18)
,CRNT

ITMAX

,WXT (20)
,TXT (20)
,MAXPI
,PIDATA(20)
,QDATA(20)

,WIN

,LBL (31)
,RBLC

,TBLK

,MESHGR

,W6LN(42,31) ,T6LN(42,31)
,R6LN(42,31)

,DP6N(42,31) ,T6LNP(42,31)
,UW6LN(60,31) ,UP6LN(60,31)

,VSCLXX(60,31) ,VSCLZ(42,31)
,CPIN ,RIN

/1.OE+01/

/9/

C
C
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J -LC(I,M)
IF(I-J) 1000,2100,2100

1000 K =KCHAN(I,J)
DO 1100 L -1,LMAX

BMT(1,L) =0.0
BMT(2,L) -1.0

1100 BMT(3,L) =0.0
DO 1700 L =1,LMAX

LU =L+1
CC TAUWL =FRIWLX(KL,I,J)

FRBS -0.0
IF(L.NE.LBD .AND. L.NE.LBU) GO TO 1200
KIJFL -LBS(I,LBD+1)*LBS(J,LBD+1)

IF(KIJFL.EQ.1) FRBS =FRICBL(I,J,K,L)
1200 CONTINUE

RAV =0.5*(R6LN(IL)+R6LN(J,L))
VISCAVm0.5*(VSCLZ(I,L)+VSCLZ(J,L))
CALL DRML(K,L,IJ,MRAV,VISCAV,FLVEX,FLVIM)

CC TAUWIR =TAUWL*COEFFI/(DABS(UP6LN(K,L))+1.OD-06)*DABS(UP6LN(K
CC 1 ,L)-UW6LN(KL))
CC BMT(2,L) =BMT(2,L)+DTHLF*(TAUWL+FRBS)/RAV
CC Y(L) =UP6LN(K,L)-DTHLF*(P6N(J,L)-P6N(I,L))/DS(K)/RAV

BMT(2,L)-BMT(2,L)+DTHLF*(FLVIM+FRBS)/RAV
Y (L)=UP6LN(K,L)-DTHLF*(P6N(J,L)-P6N(I,L))/DS(K)/RAV-DTHLF*FLVEX/

1 RAV
CC IF(A(K,L).LT.AC(K,L)) Y(L) =Y(L)-DTHLF*TAUWIR*UW6LN(K,L)/RAV
CC IF(A(K,L).LT.AC(K,L)) BMT(2,L) =BMT(2,L)+DTHLF*TAUWIR/RAV

VCX =VC(K,L)
IF(L.GT.1) GO TO 1300
Y(1) -Y(1)-DTHLF*VISCTM(DZ(1),D(K,1),VCX,VSCLZX(K,1),UP6LN

1 (K,1),RAV)
GO TO 1400

1300 UPX -UP6LN(K,L)-UP6LN(K,L-1)
DZX =0.5*(DZ(L-1)+DZ(L))
Y(L) =Y(L)-DTHLF*VISCTM(DZXD(K,L),VCXVSCLZX(K,L),UPXRAV

1 )
IF(L.EQ.LMAX) GO TO 1700

1400 DX =D(K,LU)
WX -0.5*(W6LN(I,LU)+W6LN(J,LU))
UPX =UP6LN(K,LU)-UP6LN(K,L)
DZX =0.5*(DZ(L)+DZ(LU))
Y(L) =Y(L)+DTHLF*VISCTM(DZXDX,VCX,VSCLZX(K,LU),UPX,RAV)

IF (WX) 1500,1500,1600
1500 DUMY -DTHLF*CONVTM(DXVCX,WX,1.0)

BMT(3,L) =DUMY
BMT(2,L) =BMT(2,L)-DUMY

GO TO 1700
1600 VCU =VC(K,LU)

DUMY =DTHLF*CONVTM(DXVCU,WX,1.0)
BMT(1,LU) =-DUMY
BMT(2,LU) =BMT(2,LU)+DUMY

1700 CONTINUE
DO 1800 L =1,LMAXM

LU -L+1
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SUBROUTINE WLADI1
IMPLICIT REAL*8 (A-Ho-Z)

***** WLADI1

THIS SUBROUTINE COMPUTES THE PSEUDO VELOCITIES ASSUMING

PRESSURES AT EACH NODE POINT BE THOSE AT PREVIOUS TIME STEP.

: IMPLICIT IN TRANSVERSE DIRECTION.

C
C==== COMMON

COMMON /MAT/
COMMON /GMT/
1 ,LMAXM
2 ,KCHAN(42,42)

3 ,NHALF
4 ,PITCH(60)
5 ,DHW(42,31)
6 ,B(42,31)
7 ,VW(42,31)
COMMON /CNT/
1 ,DTHLF
2 ,NOUT
COMMON /BND/
1 ,WDATA(20)
2 ,TDATA(20)

3 ,PXTO(20)
4 ,INFLAQ
5 ,PDIST(31)
6 ,TIN
COMMON /BLK/
1 ,MESHBL
2 ,CPBLC

3 ,SGMB(60)
COMMON /GRD/
1 ,FLOSS(42,31)
COMMON /VAR/
1 ,P6N(42,31)
COMMON /WRK/

1 ,W6LNT(42,31)
COMMON /LIQ/
1 ,CNDLX(60,31)
2 ,VISCOS

AMT (42,42)
NCHAN
,KMAX

,THETA(31)
,RP
,DZ(31)

,DHU(60,31)
,D(60,31)
,NWRAP

NSTEP
,TMAX
,PEPS
INFLAW

,INFLAT
,INFLAP
,PXTI (20)
,MAXQ

,QIN
,PIN
LBD
,LBS(42,31)
,CNDBLC

,DZBL
DZGR

,JSPACE (42,31)
U6LN (60,31)

,Q6LN(42,31)
DIVL (42,31)

,U6LNT(60,31)
CPLN (42,31)

,CNDLZ(42,31)
,VSCLZX(60,3

,BMT (3, 31)
,NCHANM
ICB(3,42)

IBD (42)
,WT

,ZCHNL(32)
,A(60,31)
,VS(42,31)

,MWRAPT (18)
,TIME
,NMAX

,MAXW
MAXT

,MAXPO
,PODATA (20)
,QXT(20)

,SGM(42)

,LBU
,LBCR(60,31)

,WBLK

,LGR(31)

,W6LN (42,31)
,R6LN(42,31)

,DP6N (42,31)
,UW6LN(60,31)

,VSCLXX (60,31
,CPIN
1)

,Y (31)
, LMAX

,LC(42,3)
ITYPE (42)

, GAP (60)
,DS (60)

AC(60,31)
VC (60,31)

I WRAP (18)
,CRNT

ITMAX

,WXT (20)
,TXT (20)
,MAXPI
,PIDATA (20)
,QDATA(20)

,WI N

,LBL (31)
,RBLC

,TBLK

,MESHGR

,T6LN (42,31)

,T6LNP (42,31)
UP6LN(60,31)
) ,VSCLZ(42,31)
,RIN

C
DATA
DATA

LPD
GRVTY

DO 1900 L =2,LMAX
LD =L-1

DO 1000 1 =1,NCHANM

/9/
/9.8/

C
C

C I
C I
C I
C I
C I
C I
C I
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Y(I) -Y(I)-DTHLF*VISCTM(DZ(LD) ,BDVW

1500 CONTINUE
DO 1700 JJ -1,NCHAN

IF(LBS(JJ,L).EQ.0) GO TO 1700
DO 1600 KK -1,NCHAN

AMT(JJ,KK) =-0.0
1600 AMT(KKJJ) =0.0

AMT(JJJJ) -1.0
Y(JJ) -0.0

IF(L.EQ.LBD+1 .OR. L.EQ.LBU) Y(JJ) =WBLK
1700 CONTINUE

CALL DECOMP(AMT,Y,IBD,NCHAN)
00 1800 1 w1,NCHAN

W6LNT(I,L) =Y()
1800 CONTINUE
1900 CONTINUE

DO 2000 I -1,NCHAN
IF(INFLAP.EQ.2) W6LNT(I,1) -W6LNT(1,2)
IF(INFLAP.NE.2) W6LNT(I,1) -W6LN(I,1)

2000 CONTINUE
WRITE (LPD,100)
DO 2200 M -1,30

11 =(M-1)*10+1
12 =M*10

IF(12.GT.NCHAN) 12 -NCHAN
WRITE (LPD,110) (J,J-I1,12)
DO 2100 1 =1,LMAX

WRITE (LPD,120) 1,(W6LNT(J,I),J=I1,12)
2100 CONTINUE

IF(12.GE.NCHAN) GO TO 2300
2200 CONTINUE
2300 CONTINUE

RETURN
100 FORMAT (' ', 'W6LNT(JX,JZ) (VELOCITY) <WLADI1

IFIELD OF AXIAL FLOW')
110 FORMAT (/' ',5X,10110/)
120 FORMAT (' ',15,10(1PD10-3))

END

XVSCLZ(1,LD) ,WX,RAV)

> ;AUXILIARY VELOCITY
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SUBROUTINE WLAD12
IMPLICIT REAL*8 (A-H,0-Z)

***** WLAD12

THIS SUBROUTINE COMPUTES THE PSEUDO VELOCITIES ASSUMING

PRESSURES AT EACH NODE POINT BE THOSE AT PREVIOUS TIME STEP.

: IMPLICIT IN AXIAL DIRECTION.

C
Cm=-= COMMON

COMMON /MAT/
COMMON /GMT/
1 ,LMAXM
2 ,KCHAN(42,42)

3 ,NHALF
4 ,PITCH(60)
5 ,DHW(42,31)
6 ,B(42,31)
7 ,VW(42,31)
COMMON /CNT/
1 ,DTHLF
2 ,NOUT
COMMON /BND/
1 ,WDATA(20)
2 ,TDATA(20)

3 ,PXTO(20)
4 ,INFLAQ
5 ,PDIST(31)
6 ,TIN
COMMON /BLK/
1 ,MESHBL
2 ,CPBLC

3 ,SGMB(60)
COMMON /GRD/
1 ,FLOSS(42,31)
COMMON /VAR/
1 ,P6N(42,31)
COMMON /WRK/

1 ,W6LNT(42,31)
COMMON /LIQ/
1 ,CNDLX(60,31)
2 ,VISCOS

C
C

DATA
DATA

LST =1
LEN =LMAX

DO 2200 I -1,NCHAN

AMT(42,42) ,BMT(3,31) ,Y(31)
NCHAN ,NCHANM ,LMAX
,KMAX ,ICB(3,42) ,LC(42,3)

,THETA(31) ,IBD(42) ,ITYPE(42)
,RP ,WT ,GAP (60)

,DZ(31) ,ZCHNL(32) ,DS(60)
,DHU(60,31) ,A(60,31) ,AC(60,31)
,D(60,31) ,VS(42,31) ,VC(60,31)
,NWRAP ,MWRAPT(18) ,IWRAP(18)

NSTEP ,TIME ,CRNT
,TMAX ,NMAX ,ITMAX
,PEPS
INFLAW ,MAXW ,WXT(20)

,INFLAT ,MAXT ,TXT(20)
,INFLAP ,MAXPO ,MAXPI
,PXTI (20) ,PODATA (20) ,PIDATA (20)
,MAXQ ,QXT(20) ,QDATA(20)

,QIN ,SGM(42) ,WIN
,PIN
LBD ,LBU ,LBL(31)
,LBS(42,31) ,LBCR(60,31) ,RBLC
,CNDBLC ,WBLK ,TBLK

,DZBL
DZGR ,LGR(31) ,MESHGR

,JSPACE (42,31)
U6LN(60,31) ,W6LN(42,31) ,T6LN(42,31)

,Q6LN(42,31) ,R6LN(42,31)
DIVL (42,31) ,DP6N (42,31) ,T6LNP (42,31)

,U6LNT(60,31) ,UW6LN(60,31) ,UP6LN(60,31)
CPLN(42,31) ,VSCLXX(60,31) ,VSCLZ(42,31)

,CNDLZ(42,31) ,CPIN ,RIN
,VSCLZX(60,31)

LPD
GRVTY

/9/
/9.8/

C
C

C I
C I
C I
C I
C I
C I
C I

I

I
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I WU,RAV)
DO 1600 M =1,3

J -LC(I,M)
IF(J) 1600,1600,1500

1500 K =KCHAN(I,J)
ACX =0.5*(AC(KLD)+AC(K,L))
DSX -(1.0-THETA(L))*DS(K)+THETA(L)*DS(K)
UX -(1.0-THETA(L))*U6LN(K,LD)+THETA(L)*U6LN(KL)
WX =W6LN(J,L)-W6LN(I,L)
KSN =ISIGN(1,I-J)
FLK =UX*FLOAT(KSN)

IF(FLK.GT.O.o) Y(L) =Y(L)+KSN*DTHLF*CONVTM(ACX,VWXUXWX)
Y(L) =Y(L)+DTHLF*VISCTM(DSX,ACX,VWX,VSCLXX(K,L),WX,RAV)

1600 CONTINUE
1700 CONTINUE

DO 1800 L =2,LMAXM
LD =L-1
LU =L+1

IF(LBS(ILD).EQ.1) BMT(1,L) =0.0
IF(LBS(I,LU).EQ.1) BMT(3,L) =0.0

- IF(LBS(I,L).NE.1) GO TO 1800
BMT(1,L) =0.0
BMT(2,L) =1.0
BMT(3,L) =0.0
Y(L) =0.0

IF(L.EQ.LBD+1 .OR. L.EQ.LBU) Y(L) =WBLK
1800 CONTINUE

IF(INFLAP.NE.2) GO TO 1900
BMT(2,1) =1.0
BMT(3,1) -- 1.0
Y(1) =0.0

GO TO 2000
1900 CONTINUE

BMT(2,1) =1.0
BMT(3,1) =0.0
Y(1) =W6LN(I,1)

2000 CONTINUE
CALL GAUSSJ(BMT,Y,LST,LEN,2)
DO 2100 L =1,LMAX

W6LNT(I,L) =Y(L)
2100 CONTINUE
2200 CONTINUE

WRITE (LPD,100)
DO 2400 M =1,30

Il =(M-1)*10+1
12 =M*10

IF(12.GT.NCHAN) 12 =NCHAN
WRITE (LPD,110) (J,J=I1,I2)
DO 2300 I =1,LMAX

WRITE (LPD,120) I,(W6LNT(J,I),J=I1,12)
2300 CONTINUE

IF(12.GE.NCHAN) GO TO 2500
2400 CONTINUE
2500 CONTINUE
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RETURN
100 FORMAT (' ', 'W6LNT(JX,JZ) (VELOCITY) <WLAD12> ;AUXILIARY VELOCITY

IFIELD OF AXIAL FLOW')
110 FORMAT (/' ',5X,10110/)
120 FORMAT (' ',15,10(1PD1O.3))

END
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VSCLZX(K,L) =VISCOS+RAV*(0.04*XLM)**2*DU/DZAV
1600 CONTINUE
1700 CONTINUE

RETURN
END




