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NOMENCLATURE

A area

diameter ratio (D2/D!) (§5.7.)

a2 thermal diffusivity (k/Cpp)

B dimensionless width of annulus

b width of annulus

half width for parallel plate channel

Cp specific heat

D,d diameter

De equivalent diameter

Oh hydraulic diameter

f friction factor

G volumetric flowrate

h heat transfer coefficient

k thermal conductivity

P pressure

power (§5.7.)

q heat flux

R dimensionless radial coordinate

radius of duct (§3.2.)

Y radial coordinate

Yi inner radius of annulus

V2 outer radius of annules

S pitch of rod bundles

wetted perimeter (§4.7.)

T dimensionless temperature

temperature (§4.1.)

t temperature

U dimensionless axial velocity

u axial velocity

u friction velocity

V average velocity

v radial velocity

w angular velocity



X dimensionless axial coordinate (§3.4.)

x axial coordinate

Y dimensionless transversal coordinate (§3.4., §4.10.)

y transversal coordinate

distance from the wall of tube (§4.3. - §4.7.)

Z dimensionless axial coordinate of annulus

Z dimensionless distance from the "center" of annulus (§4.3.)

Gy Grashof number

GZ Graetz number

Nu Nusselt number

Pe Pecle* aumber

Pr Prandtl number

Ra Rayleigh number

Re Reynolds number

Greek

a dimensionless diffusivity (§4.2., §4.9. and §4.10.)

P thermal expansion coefficient

6 boundary layer thickness

eh eddy diffusivity for heat transfer

em eddy diffusivity for momentum transfer

£ pressure loss coefficient

6 angular coordinate

H dioensionless distance from the wall (§4.3.)

A. eigenvalue

fj dynamic viscosity

V kinematic viscosity

£ radius ratio of annulus (Y2/Y1)

p density

t time

shear stress

<jj ratio of eddy diffusivity of heat to eddy diffusivity of momentum

I I
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CHAPTER I

INTRODUCTION



It is well known that the convective heat transfer in the regions of duct

systems where the thermal boundary layers are not yet established can be

far superior to beat transfer in the fully developed regions. A quanti-

tative understanding of heat transfer in the thermal entrance region is

essential in designing bigh beat-flux nuclear reactors.

More specifically, if the thermal boundary layers have not been fully

established in the system, the forced-convection relations for the fully

developed regions can not be used to predict the heat transfer character-

istics.

As shown later, the manner will be more important with liquid sodium. In

fact, many of the experimental liquid-metal Nusselt numbers in the lite-

ratures are higher than those for smooth pipes in the absence of entrance

effects. The thermal entrance effects cause the Nusselt numbers to be

higher than the asymptotic values.

Fundamental information about the thermal entrance regions would make it

possible to establish the temperature distribution and to explore the heat

transfer characteristics in this region.

The problems of thermal boundary layer growth have been studied in the

literatures for the entrance regions of circular tubes and also of flat

plates, but most reactor heat transfer problems of practical interest are

constrained by both the turbulent nature of the flow and the complex

channel geometry. Therefore, the theoretical and experimental investiga-

tions of thermal development effect on the turbulent heat transfer to

liquid sodium in the annulus are useful.

It is the purpose of present work to examine both analytically and experi-

mentally the mechanism of heat transfer to liquid sodium in the thermal

entrance region. The attention is focused on the turbulent flow regime,

which is more important for the heat transfer in nuclear reactors.

First, a review of the existing theoretical and experimental studies for

heat transfer in the thermal entrance regions is presented.



In Chapter III, the related characteristics and various factors affecting

the heat transfer in the thermal entrance regions are investigated in

detail.

The theoretical analyses of turbulent heat transfer in the thermal en-

trance regions of annulus and rod bundles are treated in Chapter IV. In

present study, a semi-analytical method is used. The resulting eigenvalue

problem is solved by finite difference method in order to obtain a higher

accuracy. The results are extended to the rod bundles with axially vari-

able heat flux at the surface of rods.

The experimental studies are described in Chapter V. An annular channel

was used to investigate the effect of thermal development on heat transfer

from rod element to liquid sodium. The experiments have been carried out

with the Reynolds numbers ranging from 6,000 to 60,000.

The theoretical and experimental results are of practical importance for

Sodium-cooled Fast Breeder Reactors.

The present work is characterized by the following.

(1) The behaviors in the thermal entrance region have been examined more

completely.

(2) To obtain a higher accuracy of analyses, in present study the method

of SPARROW et al. for pipe was improved for annulus by utilizing a

finite difference technique. Furthermore, an asymptotic solution was

developed.

(3) This is, in our knowledge, the first experimental investigation about

the thermal development effect on turbulent heat transfer from rod

element to liquid sodium in annulus with fully developed flow.



CHAPTER II

LITERATURE REVIEW



Forced-convection heat transfer problem in the thermal entrance region of

tubes and other ducts is of great significance and has been the subject of

many studies since the pioneering work of Graetz.

However, only the case of laminar flow is now well in hand for the en-

trance region! thermally developed region and axially varying boundary

conditions.

As to the theoretical and experimental studies about heat transfer in tur-

bulent regime, only the thermally developed case has been studied thor-

oughly. For heat transfer in the thermal entrance region, especially for

liquid sodium, which is widely used in Fast Breeder Reactors, the theore-

tical and experimental work is not nearly as complete.

In this chapter we briefly review the theoretical and experimental works

in historical sequence.

2.1..Theoretical studies

Theoretical analysis of heat transfer in the thermal entrance region has

been the subject of many investigators [1-91].

GRAETZ [70] derived a temperature solution for the case of laminar flow

through a circular duct system with an unifom-wall-temperature entrance

condition; the velocity profile was a parabolic one.

LEVEQUE [57] developed a thermal solution for the case where a fluid

flowing in a laminar state suddenly encountered an uniform-wall-tempera-

ture entrance discontinuity in an infinite flat-plate-system; the velocity

varied linearly with the distance from the wall.

NORRIS and STREID [78] have developed an expression which corresponds to

the Graetz solution for a parallel-plate system.



POPPEDIEK and PALMER [15,16] developed an analytical solution in the fora

of eigen-function series for forced convection heat transfer in the ther-

mal entrance region of parallel plate and pipe duct system with uniform

wall temperature, containing liquid metals.

The turbulent velocity profile in the parallel-plate channel was repre-

sented by power expression. The analysis was based on the postulate that

all heat was transferred by means of the conduction mechanise and hence is

valid only for the low Reynolds number range. A method of extending these

conduction solutions for the case where the eddy diffusivity is small but

not negligible compared to the molecular diffusivity was proposed using

an equivalent diffusivity in the computation.

In the analysis the convective heat transfer in the initial position of a

circular pipe entrance region was approximately obtained by utilizing the

parallel plate solution modified by the pipe velocity profile.

Later, POPPEDIEK and HARRISON [14] presented the mathematical analysis of

forced convection heat transfer in the thermal entrance region of low

Prandtl number (liquid metal) system in following five conditions.

Geometry Velocity Total thermal diffusivity Boundary conditions

Pipe uniform

Parallel power law

Short pipe power law

Parallel plates uniform

and short pipe

Parallel plates uniform

and short pipe

neglecting eddy diffusivity

neglecting eddy diffusivity

neglecting eddy diffusivity

varying linearly with

distance from wall and as

the 9/10 power of Reynolds

number

uniform wall temperature

uniform wall temperature

uniform wall temperature

uniform wall temperature

uniform heat flux



An experimental set of mercury heat transfer data, obtained in an uniform

wall temperature entrance region of a circular pipe was compared with a

mathematical analysis. The experimental Nusselt number scatters about the

predicted values. In the range 40,000 < Re < 200,000 the data begin to

rise above the predicted curve with increasing Reynolds number. This be-

havior appears to reflect the increased influence of eddy transfer at

higher Reynolds number.

An analysis was made by SPARROW, HALLMAN and SIEGEL [20] which is similar

in general mathematical approach to that presented by GRAETZ for laminar

forced convection in a round pipe with isothermal walls. Attention was

focused on the case where the wall heat flux is uniform along the length

of the pipe.

The fluid was assumed to have a fully developed turbulent velocity profile

throughout the length of the pipe. Local and fully developed Nusselt num-

ber were presented for fluids with Prandtl number ranging from 0.7 to 100

for Reynolds numbers between 50,000 and 500,000. The solutions were ex-

pressed as eigenfunction series. The thermal entrance length was found

to decrease with increasing Prandtl number, dropping from about 10 dia-

meter for a Prandtl number of 0.7 to less than one diameter for a Prandtl

number of 100.

Experimental data taken under condition of uniform heat flux for air by

WOLF and LEHMAN [112] and for water by HARTNETT [99] were compared with

theory. On the whole, the experimental data fall between the value of

SPARROW et al. and those of DEISSLER [87].

Using a boundary layer model and integral methods, DEISSLER has carried

out thermal entrance region calculations for the uniform heat flux situa-

tion. His energy equation was written in integral form and the temperature

profile selected was taken from the fully developed solution. The calcu-

lations were carried out until the boundary layers, growing thicker with

increasing x/D, met at the center. However, in the region where the boun-

dary layer is relatively thick there was a possibility that the results

based on a boundaiy layer model aay be somewhat in error.



In order to investigate the effect of simultaneous development of velocity

and temperature profiles on heat transfer coefficient, SIEGEL and SPARROW

[10] analysed laminar forced-convection heat transfer in a parallel-plate

channel with uniform heat flux at the wall. The velocity and temperature

distributions, both uniform at the entrance section, develop simultaneous-

ly as the fluid flows through the duct. To compute entrance region heat

transfer coefficient, they began with the equation expressing conservation

of energy within the thermal boundary layer. The solution has been found

by expressing the temperature as a polynomial in transversal coordinate.

Then the unknown coefficient were found from the energy conservation equa-

tion. The heat transfer results, obtained for the Prandtl number range of

0.01 to 50, include the Nusselt number variation along the channel and

the wall temperature variation corresponding to the prescribed uniform

heat flux. Finally, they suggested that while the analysis is for a

parallel-plate channel, the results are expected to apply also for annuli

where the radius ratio is close to unity.

SLE1CHER and TRIBUS [47] investigated the effect of wall temperature dis-

tribution. They provided an analysis which will yield the local rate of

heat transfer to a fluid flowing turbulently in a pipe in which the wall

temperature or heat flux varies in an arbitrary fashion. The fluid flow

was assumed to be fully developed. They calculated the first three eigen-

values and constants for all important values of Reynolds and Prandtl

numbers. The eigenvalues and eigenfunctions were found with the aide of

an electronic analogue computer in which the dimensionless velocity and

dimensionless total thermal diffusivity were formed by a function gene-

rator. The thermal entry lengths have been calculated and a comparison

with experimental data was made.

The calculated entry lengths were somewhat higher than the analytical

results of IATZKO [18] and DEISSLER [87]. The experimental results of

BOELTER [111] fall about halfway between LATZKO's analysis and that of

SLEICHER et al. For highes Prandtl numbers the results agree very well

with the data of HARTNETT for oil and water [99]. At low Prandtl number

the calculated entry length is in general agreement with JOHNSON [219].



To study the thermal developing effect for turbulent flow, POPPENDIEK [1]

analysed an idealized system which defined heat transfer in a liquid metal

flowing turbulently through a channel (between two parallel plates of

infinite extent) with a step function boundary temperature. It was based

on the following postulates : (1), the wall temperature distribution was

a simple step function, (2) longitudinal heat conduction was small com-

pared to convection and was neglected, (3), the established turbulent

velocity profile was represented by an uniform distribution, (4), the eddy

diffusivity distribution varies linearly with distance from the wall and

as the nineth power of Reynolds number. He derived and evaluated the solu-

tion which had been investigated by POPPENDIEK and HARRISON [14]. An in-

finite series solution was used to describe the general case of a turbu-

lent flowing liquid metal which suddenly encounters a step function boun-

dary temperature in a channel system. Local Nusselt number, dimensionless

mixed-mean fluid temperatures, and arithmetic-mean Nusselt number were

given as function of Reynolds and Prandtl number and dimensionless axial-

distance. The eigenvalues and series coefficients for this boundary value

problem were evaluated for a wide range of Reynolds and Prandtl numbers.

The agreement between the analytical solutions using the linear diffusivi-

ty function was good. The results were compared with experimental heat

transfer data of HARRISON for turbulent flowing mercury in small diameter

pipes with short heating section and uniform wall temperature. These solu-

tions compared favorably with HARRISON'S experimental results.

HATTON [29] studied heat transfer in the thermal entrance region for

steady one-dimensional flow between parallel plates at unequal tempera-

tures as well as for the fully developed flow with unequal heat flux.

In the calculation, modified DEISSLER's velocity profile [175] for turbu-

lent flow in a pipe was used. The variation of the eddy diffusivity of

momentum has been calculated from the velocity profile and the momentum

equation.

In order to confirm that DEISSLER's profile could be applied to parallel

plates, tests were carried out on a passage with a cross section of 0.2 in
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by 2 in and with a length of 18 in. Air was used in the test. Finally the

assumption of a constant eddy diffusivity over the central region has been

made and resulted in a parabolic velocity profile in this region.

Using numerical integration (Runge-Kutta method) the first seven even and

old eigenvalues were obtained by trial. The constants of eigenfunction

series were similarly obtained together with the values of the gradients

of the eigenfunctions at the wall.

The results are given for Reynolds number from 7000 to 70,000 and Py=l,10.

Because annular channel represents a common geometry employed in a variety

of heat transfer system ranging from simple heat exchangers to the most

complicated nuclear reactors. An extensive four years study of annulus

heat transfer has been carried out by REYNOLDS, LUNDBERG and McCUEN [36,

56] at Stanford University.

For the purpose of development of general convective heat transfer ap-

proach one considered that the velocity field is known, steady and inde-

pendent of the thermal field, and a very general superposition approach

was developed in terms of four kinds of fundamental solutions, which may

be obtained analytically or experimentally.

In order to solve the differential equations describing the temperature

field, the following assumptions were made •: (1), both eddy and molecular

conduction in the flow direction are negligible (2), the enthalpy varia-

tions are due only to temperature changes, (3), the thermal and transport

properties of fluid are constant. Then, rather complex solution can be

obtained by adding together a variety of simpler solutions. Consequently,

with four kinds of fundamental solutions most types of boundary conditions

can be handled.

For Pr=0.7 the fundamental solution of second kind were determined experi-

mentally. The apparatus employed in the annulus experiments allowed ex-

perimental verification of the superposition techniques for asymmetric

heating.
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LUNDBERG et al. [36] analysed the thermal problem in hydrodynamically

fully developed laminar flow with arbitrarily prescribed wall temperature

or heat fluxes. The boundary conditions have been m de homogeneous by sub-

traction of the fully developed solutions. For small values of the axial

coordinate the energy equation was reduced by neglecting the curvature of

the velocity profile and approximating it by a linear equation using the

wall slope of the actual velocity (LEVEQUE approximation). The resulted

Sturm-Liouvill equation was solved directly using the iterative method

of BERRY and PRIMA together with a numerical integration procedure of

HAMMING.

The adequacy of the numerical solution was ultimately limited by the

accumulation of round off and truncation errors in the integration. Fur-

ther, because of the number of boundary conditions involved, the calcula-

tion by machine of many eigenvalues and functions entailed considerable

expense. Therefore, an asymptotic solution has been developed as the

eigenvalue becomes large.

Finally, the analytical results were compared with the experimental data

for air. The tendency of the data to lie somewhat low at small axial dis-

tance may be due to insufficient hydrodynamic entry length or to axial

conduction in the tube wall.

The laminar forced convection heat transfer in the entrance region of a

flat rectangular duct was investigated by HWANG and FAN [26]. The tempe-

rature and velocity profiles are simultaneously developed. The basic go-

verning equation of momentum, continuity, and energy are expressed in

finite difference form.

The adequacy of the numerical method used in this work was demonstrated

by comparing the results with the results obtained by other methods. In

employing the numerical analysis, proper mesh size have been selected in

order to achieve rapid convergence of the solution to the partial dif-

ferential equations within the capacity of the computer. The proper mesh

sizes were determined semi-theoretically.
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Three separate case representing the following boundary conditions were

considered.

(1) Constant wall temperature, parabolic velocity profile throughout, tem-

perature uniform at the entrance,

(2) Constant wall temperature, velocity and temperature uniform at duct

entrance. The velocity profile is developing into a parabolic one.

(3) Constant heat flux from wall to fluid, velocity and temperature uni-

form at the entrance.

The finite difference analysis of the momentum and continuity equations

was employed first to obtain the two-dimensional velocity profile. The

values of the velocity were substituted into the energy equation to solve

the temperature profiles.

The solutions have been obtained for the range of Graetz miaber froa 10 to

10,000 and of Prandtl number from 0.01 to 50 for contant temperature. For

the case of constant heat flux from wall to fluid, the solution for the

range of (x/De)/Red from 10 4 to 1.0 and of Prandtl number from 0.1 to 50

has been obtained.

An analysis has been made by HEATON, REYNOLDS and KAYS [5] for laminar

flow heat transfer in an annulus with simultaneously developing velocity

and temperature distribution and constant wall heat flux. The solution was

obtained first for the hydrodynamic problem, and then for the combined

hydrodynamic and thermal problem.

The method of LANGHAHR [143] applied to the annulus was used. This aethod

gave a velocity profile which asymptotically approaches the exact fully

developed profile, and for the circular tube and parallel plates gave

reasonably accurate results when compared to finite difference solutions

or experimental data. The first step in obtaining the solution was to de-

termine a velocity expression for use in the momentum integral equation.

To find the temperature profile in the developing region, the governing

equations were solved approximately in terras of an unknown parameter which

can be determined from the energy integral equation. The energy integra-
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tion may be found by integrating the energy differential equation across

the flow cross section and simplifying by means of the continuity equation

and boundary conditions.

The obtained results were compared with the experimental data for air. The

experimental results generally agree with the analysis within the experi-

mental uncertainty.

ULRICHSON and SCHMITZ [39] obtained numerical solutions for heat transfer

with simultaneous development of the parabolic velocity profile in circu-

lar tube for the cases of constant wall heat flux and constant wall tem-

perature. The work is a refinement of earlier work of KAYS [173] to in-

clude the radial component of velocity in the entrance region.

The approximate resolution obtained by LANGHAAR [143] for the axial velo-

city component in the entrance region of a circular tube by linearizing

the boundary-layer equation was used together with the continuity equation

to obtain the radial component.

In the computation of local Nusselt number, the temperature gradient at

the wall were evaluated by means of a three-point differential formula.

The numerical solution has been obtained for Pr=0.7.

This work has shown that significant errors may result when the radial

component of velocity is neglected and has thus provided a more accurate

prediction of entrance heat transfer in a tube for a Prandtl number of

0.7 than has previously been reported.

HSU [45] investigated the entrance-region heat transfer in laminar flow

through a round tube with arbitrary wall heat flux and calculated \.hs

variation in the heat transfer coefficient for heat transfer to fluid in

laminar, or slug, flow through a round tube with truncated sinusoidal wall

heat flux.

For the case of laminar heat transfer in a round tube with uniform heat

flux, the temperature distribution within the fluid in the thermal en-

trance region has been obtained. The method of Runge-Kutta was used nume-
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rically to solve the resulted characteristic equation and the eigenvalues

were determined by trial and error procedure.

First twenty eigenvalues, eigenfunctions and coefficients of series expan-

sion have been obtained for heat transfer to fully developed laminar flow

inside a tube.

Finally, the asymptotic expressions for eigenvalues, eigenfunctions and

coefficients of series expansion have been found.

The slug flow solution was compared with the turbulent flow experimental

results of PETROVICHEV [226]. For the region not far from the duct inlet,

the slug flow predictions agree rather closely with the turbulent flow

results. As the axial distance becomes larger, however, the experimental

data tend to show much higher values as compared to the slug flow solution.

WORSES-SCHMIDT and LEPPERT [59] developed an implicit finite difference

scheme for solving the problem of gases in heated circular tubes with an

unbeated entrance section. The solution was based on the boundary-layer

equations.

Numerical examples were worked out for air including : (1), pure forced

convection with different rates of uniform heating, (2), pure forced con-

vection with uniform heat flux.

Finally, for pure forced convection, the empirical expressions were pro-

posed for design purpose.

Less satisfactory was the result of a comparison with the experimental

results. Part of the discrepancies between the experimental values and

those of analysis may be due to the error introduced by the one-dimen-

sional treatment of the flow in the reduction of the experimental data.

A relative simple mathematical scheme was proposed by HSU [25]. By this

method the entrance region temperature solution for laminar flow heat

transfer with axial conduction can be rigorously obtained.
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Because there are inherent difficulties associated with the determination

of higher eigenvalues by analytical methods, in this study the eigenvalues

were determined by directly solving characteristic equation using the

method of Runge-Kutta. The eigenvalues were determined by trial and error

procedure. This method has the advantage that no undue complication was

added to the determination of higher eigenvalues.

For Poiseuille pipe flow (parabolic velocity profile) with uniform wall

heat flux, the accurate first twelve eigenvalues, eigenfunctions have been

determined for Peclet number of 5,10,20,30,50 and 100.

By modifying the method described by SELLARS et al. [62] so that the ef-

fect of the axial conduction is taken into account, an asymptotic expres-

sion for eigenfunction was obtained, with satisfactory accuracy, even the

first few eigenvalues for all the Peclet number considered.

By employing the computed eigenvalues and the relevent constants, the

effect of axial conduction on the entrance-region temperature profile and

local Nusselt number has been examined for various Peclet numbers.

The problem of heat transfer to fluid flowing inside a channel with wall

temperature or wall heat flux varying in a periodic manner, which may

occur in the cooling of thermionic fuel elements by liquid metals in a

nuclear thermionic space power plant, has been studied by HSU [43].

Liquid metal flows past the fuel element and is alternatively exposed to

two different temperature (or heat flux) levels - higher at the converter

sections and lower at the insulator sections. This study illustrated the

behavior of Nusselt number in such periodic heat transfer process under

the assumption of slug flow between parallel plates.

By using the linearity of the energy equation, the temperature solution

was divided into two parts. The boundary conditions were also split into

two groups. The solution to each group of the differential equation satis-

fying its boundary conditions was expressed as eigenfunction series expan-

sion.
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The solutions for periodic change of the wall temperature and periodically

changing heat flux at the wall have been obtained.

From this study, it can be concluded that the behavior of Nusselt number

for channel flow with periodic variation of boundary conditions differs

appreciably from that for the case without the periodic change. It is par-

ticularly pronounced in the thermal entrance region.

The problems of thermal boundary-layer growth and heat transfer, for hy-

drodynamically fully developed turbulent flow in concentric annuli, were

investigated by LEE [7]. Using a boundary-layer aodel and integral methods,

a similar approach to that used by DE-ISSLER [52] for tubes was applied to

the case of thermal entrance region heat transfer from the core of a con-

centric annulus. It was assumed that the fluid enters the annulus with

an uniform temperature and fully developed turbulent velocity profile.

In order to obtain the temperature distribution, use was made of the con-

cept of eddy diffusivity and the basic equations governing the transport

of momentum and heat. According to the experimental velocity distribution

in concentric annuli, the universal velocity profile of REICHARDT [139]

has been modified. As to the eddy diffusivity of momentum, two cases were

considered in the case of fully developed flow : (1) The value of em in-

creases to maximum at the point of maximum velocity (2). The value of em

was permitted to increase up to the point one third of the passage and

kept constant over the central third. The numerical values in the ana-

lysis calculated with different eddy diffusivity distributions showed very

little difference.

The numerical solutions were obtained for a range of Prandtl number from

0.01 to 30 and a Reynolds number range from 10,000 to 200,000.

The results revealed that in general the heat transfer coefficient attains

the fully developed value in less than thirty equivalent diameters, also

that the entrance length is moderately dependent upon radius ratio.
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A representative comparison of the predicted temperature distribution with

experimental results of LEE and BARROW [140] revealed that the agreement

between experiment and analysis is excellent in the case of air as the

working fluid Pr=0.72.

For entrance region, LANGHAAR's method used by KAYS et al. [5] vas exa-

mined by MANOHAR [11]. Since the velocity profiles downstream differ con-

siderably from those at the inlet, this procedure introduced error in the

velocity across those sections which are farther away downstream of the

entrance section. Therefore, MANOHAR developed an exact solution of the

momentum equation by solving the non-linear equations numerically for

laminar flow of a viscous incompressible fluid in the entrance region of

a circular tube to obtain the velocity of the flow in this region. The

resultant velocity distribution was used in solving the energy equation

numerically to obtain temperature profiles under constant wall temperature

and also under constant heat flux at the wall. A higher order integrafor-

mula has been used to integrate the equation along the radial direction.

An analytical solution was obtained by CHEN arid YU [30] for the turbulent

entrance region problem with a step function heat flux distribution at

the wall of annulus.

The necessary eigenfunctions, and series coefficients were evaluated from

the characteristic equation by the method of Runge-Kutta.

The solution was then generalized to include the cases of arbitrarily

varying heat flux by means of Duhamel's integral, and sample results were

obtained for cases of linear and sinusoidal heat flux distributions.

Emphasis was placed on low-Prandtl-number fluids, though the solution

is general and some sample calculation were made for fluid of Moderate

Prandtl numbers.

A comparison of the results with the experimental data of QUARMBY for air

and those of NIMMO et al. for mercury has been made. The agreement between

calculated and measured Nusselt numbers appears reasonable.
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BHATTACHARYYA and ROY [42] investigated the temperature solution in the

thermal entrance region for developed laminar flow in a tube with variable

circumferential wall heat flux and the temperature distribution for arbi-

trary wall heat flux in a tube of finite length as an extension of the

previous solution.

In this study, the heat flux was expressed as series expansion of triangu-

lar function. Up to fifth harmonic terms were calculated to evaluate wall

temperature and Nusselt number.

The effects of first and second harmonic heat fluxes were separately com-

pared to constant heat flux case. The comparison showed that the first

harmonic heat flux has a much greater effect on the wall temperature and

Nusselt number than the second harmonic heat flux.

HASEGAWA and FUJITA [16] obtained the theoretical solutions for heat trans-

fer in a circular tube following a step change in wall temperature or heat

flux. The flow is fully developed at the entry to the heated length and

the fluid has constant physical properties.

The series solutions for the fluid temperature distributions have been

obtained. For the case of uniform heat flux at the wall the incoming fluid

temperature was fitted exactly; whereas, in the uniform wall temperature

case, with a finite number of terms, the incoming temperature could only

be approximately satisfied.

If the series were taken as far as the first five terms, the uniform wall

temperature solution generated a reasonable value for the fully developed

Nusselt number, whereas the uniform heat flux solution was a long way out.

Conversely it is the uniform heat flux solution that correctly generated

the infinite Nusselt number at the start of the heated section.

By means of the superposition principle, the solution for a sinusoidal

wall temperature variation has been obtained using the uniform temperature

solution.



19

A finite difference method was developed by BANKSTON and MCELIGOT (58) to

solve the coupled boundary layer equations for turbulent flow of gas in

the thermal entrance region of circular tube. Uniform and fully developed

velocity profiles were treated.

The energy equation was solved by applying the recurrence relations (es-

sentially Gaussian elimination) presented by RICHTMYER (215). The solution

accuracy was obtained by successively refining the mesh to determine con-

verged results for test cases.

The case treated included : (1), Contant fluid properties, laminar flow

with variation of hydrodynamic entrance length, (2), variable, idealized

air properties with uniform laminar entering velocity profile, (3), con-

stant properties, fully developed turbulent flow in the immediate thermal

entry region, (4), turbulent flow, with uniform entering velocity, (5),

variable, idealized air properties and real gas properties.

Several turbulent transport models were investigated. Data for an experi-

ment with a strong heacing rate were used as a test of the various sug-

gested turbulence models under conditions of greatly varying properties

across and along the tube. A version of Van Driest1s mixing-length model

yielded agreement with experimental data and was selected for prediction

of additional results with property variation.

laminar flow heat transfer in the thermal entrance region of helically

coiled tubes has been investigated by DRAV1D, SMITH, MERRILL and BRIAN

(38). They studied the development of temperature field and related it to

the cyclic oscillation results by SEBAN and Me LAUGHLIN (109).

The investigations were limited to the laminar flow regime and Dean number

above 100, with an emphasis on a fundamental understanding of the develop-

ing temperature field. For this purpose, the differential equation of heat

transport has been solved in two steps : first, an analytical approximation

applicable within about one tube radius from the start of the heat trans-

fer zone, and second, the complet numerical solution covering both the

entire thermal entrance region and the fully developed region.
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An alternating-direction-implicit finite-difference technique developed by

PEACEMAN and RACHFORD for the two-dimensional unsteady state heat conduc-

tion problem was used in a slightly modified form. The axial coordinate

was treated like time in the PEACEMAN-RACHFORD procedure.

Numerical results were compared with experimental data. The amplitude of

the waves in the experimental curve is less than that in the theoretical

curve.

As the axial diffusion has a significant effect on beat transfer in lami-

nar flowing liquid metals, JONES (40) studied Graetz problem taking into

account the axial diffusion.

The problem of heat transfer for fully developed Foisseuille flow in a

circular tube has been investigated under the assumption that the walls of

the tube are kept at one constant temperature upstream of the origin, and

at a different constant temperature downstream. In this way account has

been taken of the preheating of the incoming fluid. A theoretical solution

for the temperature both upstream and downstream has been obtained, but

numerical solutions have only been obtained for the downstream portion

because of insurmountable analytic problems associated with the upstream

solution.

In this study the eigenvalues were given in the form of an asymptotic ex-

pansion so that required values can be calculated in a simple fashion.

The solution taken into account preheating of the incoming fluid showed

that this has a significant effect.

In order to determine the free convection effects in the thermal entrance

region, 0U, CHENG and LIN (21) studied the buoyancy effect on thermal en-

trance region heat transfer in horizontal ' rectangular channels having

aspect ratios (horizontal width/vertical height) 0.5, 1 and 2 with uniform

wall temperature for large Prandtl number fluids. The study was made in an

attempt to clarify the local Nusselt number behaviour in the thermal en-

trance region in general and the onset of significant free convection ef-

fects and the subsequent asymptotic behaviour.
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The formulation of the problem considering the free convection effects was

based on Boussinesq approximation and neglecting the axial conducting ef-

fect. Finite difference method was used to solve the momentum, vorticity

transport, stream function and energy equations for Rayleigh numbers C -

5 x 10s. The correlation equations for the prediction of the onset of sig-

nificant free convection effect were developed.

The asymptotic behaviour of local Nusselt number was compared with the

asymptote of McADAMS (214) for uniform wall temperature boundary condi-

tion. The results revealed that the classical Graetz problem is applicable

only when Ra < 103.

CHEN and 0U (49) also studied the effect of free convection on laminar

forced convection heat transfer in the thermal entrance region of horizon-

tal tubes with uniform wall heat flux. The analysis was made to gain a

basis understanding on the effects of buoyancy forces on the developing

temperature field and the related heat transfer results.

The problem was approached by a numerical method for large Prandtl number

fluids. The energy equation was solved by using the alternating direction

implicit method. The singularity at the centre inherent in the cylindrical

coordinates was overcome by employing the Cartesian coordinates there. The

equation for vorticity and that for stream function were solved by using

the line iterative method with a relaxation factor of one.

The numerical results were compared against the available experimental

data with general good agreement.

A method for determining the heat transfer characteristics in the thermal

entrance region for a developed axial laminar flow through a circular shell

containing an uniform heat flux red bundle has been developed by ZARLING

and MIN (50): It utilized a small parameter series solution, employing the

Leveque similarity variable, and accounted for both the curvature of the

rods and the circumferential non-linearity of the velocity profile.

The Runge-Kutta numerical integration scheme was used and the unknown ini-

tial conditions were found by Newton-Raphzon iteration. The computational

procedure was to guess a trial value and integrate, then applying the

Newton-Raphson scheme.
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The solution is directly applicable to the laminar flow that could occur

within a rod-clustered channel due to either partial blockage of the hy-

draulic circuit or thermal recirculation caused by total power or pump

failure. It provided a lower bound to the turbulent Nusselt number and an

upper bound to the rod temperature variation.

Results compared favorably with published solutions to annuli and experi-

mental data for rod bundles.

A finite-difference solution of the governing equations has been obtained

by HONG, MORCOS and BERGLES (200) for the thermal developing region.

A steady, hydrodynamically fully developed, but thermal developing, laminar

flow of a viscous fluid in a horizontal circular tube with uniform heat

flux axially and circumferentially was considered. The problem was to

extend the Graetz problem with buoyancy effects using the Boussinesq ap-

proximation. Assuming a high Frandtl number fluid, the inetia terns in

the momentum equations were neglected.

The governing equations associated with the hydrodynamic and thermal boun-

dary conditions were solved by employing the explicit Du Fort-Frankel

method. Two alternate, but equivalent, circumferential average Nusselt

number were obtained in terms of average dimensionless wall temperature or

axial temperature gradient.

HUETZ and PETIT (20) studied the free convection effect in the thermal

entrance region of a horizontal annulus for liquid metals. The investi-

gation was limited to low values of Grashof number.

They investigated the fluid motion and the evolution of Nusselt number

when a constant heat flux was imposed on one wall and a fixed temperature

on the other.

The basic equation were solved, assuming that the physical properties of

the fluid are constant, except the density which was supposed to be a

linear function of temperature in the buoyancy therm of the momentum

equation (Boussinesq approximation). The solutions have been found with

the form of power series of Grashof number.

36
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The calculation were made for Prandtl number ranging from 0.02 to 5. The

analytical solutions for coupled at boundary diffusion process in the en-

trance region of channel flow were obtained by MIKHAILOV and SHISHEDJIEV

(32).

For the mass transfer from one medium to another or heat transfer, they

developed the algorithm for computation two Sturm-Liouyill equations

coupled at the common boundary. The eigenvalues were determined by numer-

ical integration (Runge-Kutta method) and through direct numerical solution,

respectively. Finally, a computer program CUPFLOW was compiled and the

examples considered by STEIN et al. (80,182) were recalculated.

Velocity and temperature profiles were calculated by EMERY and GESSNER (2)

for turbulent flow, both in the entrance region and the fully developed

state, in a duct with heated parallel plates.

The explicit difference was used to obtain a starting solution. After the

starting solution was obtained, the difference equations were changed to

the du Fort-Frankel method. A three-dimensional mixing length originally

defined for the developing flow in rectangular ducts of arbitrary aspect

ratio was reduced to a limiting form for two-dimensional duct flow being

used in this study.

Temperature profiles were computed simultaneously with the velocity pro-

files for three cases : (1) constant wall temperature, (2) constant heat

flux, (3) a constant heat flux with an unheated starting length. Prandtl

number was taken as 0.9.

The results have been compared with experimental data. There was a differ-

ence between measured and predicted results. The predicted heat transfer

results were consistently low in the entrance region. Although more de-

tailed matching is possible with the transport equation models, predic-

tions upon such model are cost y and more difficult to perform.

Thermal developing problem was studies by THOMAS (13, 161) using the sur-

face renewal and penetration model which is a new approach to the analy-

sis of turbulent transport process. It is based on physically meaningful

and measurable modeling parameters and involves the hypothesis that an

r 37
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intermittent exchange of fluid occurs between the turbulent core and wall

regions. This principle has been coupled with the assumption that unsteady

molecular transport is predominant within individual elements of fluid

during their residency at the surface.

The system of equation defined by THOMAS basing on this model appears to

be applicable to turbulent boundary-layer flow as well as to turbulent

flow in tubes.

Thermal developing effects were studied with this approach for various

Prandtl numbers, the agreement between theory and experimental data was

good.

FAGHRI and WELTY (176) solved analytically the problem of thermal-entry-

region heat transfer in a circular tube with an arbitrary circumferential

wall heat flux for the case of a parabolic velocity profile with develop-

ing temperature profile including the effect of axial fluid conduction.

The solution was expanded in a power series form that accounted for any

arbitrary variation in heat flux around the circumference that can be ex-

pressed in terms of a Fourier expansion. Substitution of this series into

the e :argv equation ied to an eigenvalue problem; the first twelve eigen-

values and corresponding eigenfunctions were obtained numerically. The re-

sulting eigenfunctions are not orthogonal, thus the power series expansion

coefficients can not be obtained by usual analytical scheme. A least

squares method was employed to determine these coefficients.

A simple result was given for heat flux variation in the form of a cosi-

nusoidal function which illustrates the simultaneous influence of circum-

ferential wall heat flux variation and axial fluid conduction on wall tem-

perature and Nusselt number.

The results of analysis revealed that for values of Peclet greater than

100 axial conduction is negligible.

The thermal development effect in semi-circular tubes was investigated by

HONG and BERGLES (44) for hydrodynamically fully developed and thermally

developing fluid with high Prandtl number. Physical properties of the
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fluid were considered to be constant so that the effects of free convection

and temperature-dependent viscosity were neglected.

Two different thermal boundary conditions were considered : (1), axially

uniform heat flux and uniform wall temperature around the entire semi-

circular tube at each axial location, (2), axially uniform heat flux and

uniform wall temperature around the semi-circular portion and an insulated

wall at the plat portion.

The momentum equation (Poisson's equation) was solved by the successive

over-relaxation method. The energy equation (parabolic equation), which

was written in finite difference form using non-equal axial step size, was

solved by the explicit and stable Du Fort-Frankel method.

The Nusselt number was taken as the average of values obtained by (a),

using the heat transfer coefficient based on average wall temperature and

(b), relating the heat input to the enthalpy rise of the fluid.

The numerical solution for the velocity distribution agreed exactly with

the closed form analytical solution of SPARROW (61) and the asymptotic

values were in good agreement with the results of SPARROW and DATE (172).

BHATTI and SAVERY (3) developed a closed-form analytical solution to the

problem of simultaneous development of velocity and temperature field in a

straight channel with uniform wall heat flux.

It was based on the application of macroscopic mechanical energy equation

in the entrance region. The flow was idealized as having two regions : a

viscous boundary layer and an essentially inviscid core. The usual boun-

dary layer theory simplifications were applied. The axial velocity pro-

file within the boundary layer was taken as the generalized Hagen-Poiseuil-

le velocity distribution.

The temperature field was determined utilizing the Karman-Pohlhausen

method. The local Nusselt numberi were calculated for Prandtl number rang-

ing over 0.01 - 10,000.
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The analytical predictions for local Nusselt numbers were compared with

those of various investigators. For the most part, the results of various

analyses agreed within 5 percent.

Using an identical approach, they developed a semi-analytic solution to

the problem of simultaneous development of velocity, and temperature

fields in a straigth channel with uniform wall temperature (4).

The results were compared with other predictions and the measurement for

air. The variance between different analyses, especially in the neigh-

borhood of the origin, appears to stem from the approximate manner in

which various investigators accounted for the inertia effects in the

momentum transfer analysis.

JAVERI (35) investigated the influence of the temperature boundary condi-

tions of the third kind on the laminar forced convection heat transfer in

the thermal entrance region of a rectangular channel. The local wall heat

flux was a linear function of the local wall temperature.

To solve the momentum and energy equations, the Galerkin-Kantorowich met-

hod of variational calculus was employed.

Steady, fully developed laminar flow was considered, assuming constant

fluid properties and neglecting the heat conduction in the flow direction.

To assess the accuracy of the analysis, the local Nusselt numbers for ful-

ly developed flow in a rectangular channel were compared with the results

of others for the special case of constant wall temperature. A satisfac-

tory agreement was shown.

The developing flow in the entry region of a horizontal pipe whose tempera-

ture was held constant and higher than the entry fluid temperature was ana-

lysed by YAO (6).

The Boussinesq approximation was used for formulating the dimensionless

equations of motion and energy. The entry condition was uniform inlet

axial velocity and temperature profiles, the reference pressure at the

inlet was set equal to zero.
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The asymptotic solution of the developing flow near the entrance of the

heated straight pipe was obtained by perturbing the solution of the deve-

loping flow in an unheated straight pipe.

The local Nusselt number and the axial shear stress were given for Prandtl

number of 0.01, 1.0, 8.0 and 10.0.

Developing turbulent flow and heat transfer in a circular tube and between

parallel and diverging plates have been studied by STEPHENSON (9).

The boundary-layer assumption was employed in the conservation equations.

The high Reynolds number form of the turbulent model of Lauder et al., in-

volving the solution of partial differential equations for kinetic energy

of turbulence and rate of dissipation of this energy, was used in this

study.

The governing set of parabolic equations have been solved by a modified

version of the numerical procedure for boundary-layer flow developed by

PATANKAR and SPALDING (211).

Predictions have been compared with a variety of measurements. On the ba-

sis of the comparison, the used turbulent model was found to give reason-

able predictions of developing flow. The predictions were in satisfactory

agreement with measurements obtained by NEAL from a nass-transfer analogue

technique.

MOJTABI and CALTAGIRONE (22) studied heat transfer in the thermal entrance

region for laminar flow in concentric cylinders.

The velocity distribution in the annular space determined by solving the

equation of momentum was assumed known and introduced into energy equation.

The energy equation was solved by two methods : (1), Galerkin method deve-

loped by Kantorowich et al. (2), finite difference method.

The calculations of temperature profiles, local Nusselt number and mean

temperature have been carried out for various radius ratios : -gte, 2, 4 and

16. All the calculations were made by both Galerkin method and finite-dif-

ference method.

r
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A comparison showed that the solutions obtained by two methods were in

good agreement.

However, the theoretical work of turbulent heat transfer in the thermal

entrance region for liquid sodium (pr = 0.005 - 0.01) is limited, especial-

ly, for the annular geometry and the channel of rod bundles, which are fre-

quently encountered in the system of sodium-cooled fast reactors.

2.2. Experimental studies

The experimental investigations of thermal development effect have been

done for various fluids (92-124, 218-226).

EAGLE and FERGUSON (28, 105) carried out experiments with heated water in

condenser tubes. In one of the experiments, the local heat transfer at

X/D = 2 and x/D = 95 was measured. The former was found to be 50 percent

greater in spite of the fact that a calming section of L/D = 160 was used.

This could be the first experimental detection of thermal entrance effect.

BOELTER, YOUNG and IVERSEN (111) investigated experimentally the local

heat transfer coefficient to air in the thermal entrance region of pipe

with an uniform wall temperature for several different hydrodynamic en-

trance conditions.

The steam condensation method was used. The steam space was divided into

compartments enabling the local and the average heat transfer to be ob-

tained.

Their data were taken in a range of Reynolds number from about 17,000 to

56,000. Agreement was found between experimental results and analytical

treatment for the case of simultaneous thermal and hydrodynamic boundary

layer development.

DAVIES and AL-ARABI (28, 118) heated water using an electrical heated pipe

and measured the local and the average heat transfer.

DAVIES and EL-SAIE (28, 119) heated water using an apparatus similar to

that of DAVIES and AL-ARABI. The local heat transfer was measured.
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HARTNETT (99) heated water and oil in an electrically heated pipe. The

local heat transfer was measured.

The following table gives the aain particulars of these experiments.
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Table 2.2.-1

Particulars of Experiments

Boelter et al

Davies and Al-Aribi

Davies and El-Saie

Hartnett

Tube

Material

Stainless steel

copper

Brass

Stainless steel

Bore

1.785

0.75

1

0.652

Length

(diameter)

16.8

40.4

46.5

73

Calming section

(diameters)

11.2

44.6

25

96.5

Re

From

27000

5000

300

16000

20000

to

55000

18000

43000

98000

48000

Fluid

heated

air

water

water

water

Oil
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ENGLISH and BARRETT (98) determined the local heat transfer coefficient

for the case of mercury flow through electrically heated nickel tubes.

These tubes contained copper plated outer sheaths within which practically

all of the total heat was generated. The heated length was about 50 diane-

ters under approximately uniform heat flux conditions.

Data were taken over a range of Reynolds numbers from 4000 to 45,000. Tlie

main interest of this investigation was to determine "long-tube" value of

heat transfer coefficient.

JOHNSON, HARTNETT and CLABAUGH (219) measured heat transfer to lead-bis-

muth eutectic in a circular tube with uniform wall heat flux. They were

primarily interested in average heat transfer data for tubes of L/D = 64,

local heat transfer coefficient were computed for x/D of 4.6, 13.8 and 23.

Reynolds numbers ranged from 7500 to 170,000, Peclet numbers from 200 to

5000, Prandtl numbers from 0.020 to 0.096.

The heat transfer experiments for uniform wall temperature were carried

out by HARRISON (218) for turbulently flowing mercury in small diameter

pipes with short heating sections. These experimental data all fell in very

initial part of the entrance region.

Two different experimental systems were employed in order to study the

thermal entrance region heat transfer to liquid metals. However, in both

systems, the same test section was employed.

The test section was a short, thick-walled copper cylinder (with a 3 in.

outside diameter, 1/16 to 1/8 in. length, 1/16 to 1/8 in. inside diameter)

mounted between stainless steel flanges. Mercury was pumped by means of a

small turbine pump through a cooler and then through the test section.

In order to insure that the periphery of the copper plate in the test sec-

tion was maintained at an uniform temperature, an auxiliary water system

was constructed. Thirty constantan wires were soldered through 1/67 in.

diameter holes drilled in the copper plate to measure the temperature dis-

tribution.
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For the sodium experiments, the sodium temperatures were measured upstream

and downstream from the test section by means of copper-constantan couples

in thermowells.

The data of mercury were taken over a range of Reynolds numbers from

20,000 to 200,000 and heat transfer coefficient up to 66,300 8tu/hr.ft2.°F

were achieved. The experimental data were higher than the predictions at

the high range of Reynolds numbers.

Sodium data were erratic and low when compared with mercury data or the

theoretical values. In an effort to explain this observation, it has been

shown that, if a non-wetted condition existed, the small test section dia-

meter and the high thermal conductivity of sodium would to maximize the

effects on the heat transfer.

KONDRAT'EV (220) studied heat transfer to mercury in round tubes. The uni-

form wall temperature boundary conditions were used. Prandtl number was

0.02 and the Reynolds numbers ranged from 10,000 to 100,000.

SUBBOTIN, USHAKOV and SVIRIDANKO (222) made experiments of heat transfer

to mercury in annulus. The boundary conditions were following : (1) uni-

form wall heat flux, bilateral heat transfer, (2) uniform wall heat flux,

unilateral heat transfer.

The experimental ducts, which were made of carbon steel, had the following

dimensions. First duct : 1 = 1000 mm, d2/dl = 1.05, width of the annular

space 1 mm; second duct : 1 = 400 mm, d2/dl = 1.09, width of the annulus

2mm. Uniform heat flux was realized with electrical heating units. There

were no sections for preliminary hydrodynamic stabilization.

The temperature of the heat-exchange surfaces was measured by twelve ther-

mocouples having diameters of 0.2 mm; these were embedded at uniform spa-

cing along the length of the outer tube.

The temperature variation along the length in the entrance regions was re-

ported. However, the results of heat transfer coefficients were obtained

only for thermally fully developed regions.
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PETROVICHEV (226) made heat transfer measurements for turbulent flow of

mercury in a round duct with sinusoidal beat flux distribution along the

length of the duct. By measuring the distribution of the logitudinal wall

temperature, and calculating the bulk mercury temperature by making heat

balances, he obtained experimental local Nusselt number corresponding to

Reynolds number 100,000 and DPe/L = 36,55.

Thermal entrance heat transfer experiments have been made by REYNOLDS et

al. (56) for air in an annulus.

The experimental annular tubes were formed from four 6-ft long Inconel

Tubes. The tubes were mounted vertically with air flow from the bottom up-

wards. A nozzle entrance was employed on the outer tube. In the experi-

ments for hydrodynamically developed flow, a 2-ft unheated velocity deve-

loping section was provided in front of the 4 ft heated section.

Heating was accomplished by passing low voltage AC through the length of

the Inconel tubing. Heating was then at essentially constant heat rate per

unit of tube length.

The temperature measurement system consisted of two thermocouples in the

air stream upstream of the nozzle, and then forty-two on the annular tube

walls.

The experiments have been carried out for both laminar and turbulent flow.

Good agreement between the experiments and the theory for hydrodynamically

developed flow was obtained (36).

DUCHATELLE and VAUTREY (225) carried out experimental investigation of

heat transfer coefficient for turbulent flow between parallel-plate chan- •

nel.

The experiments were made using a counter-current exchanger with water,

then with NaK. The hoter fluid flowed in a channel and the cooler one in

other with same flow rate. The cross-sectional dimension of the channel

was 4 x 110 mm which simulated a parallel plates with an infinite dimen-

sion in the transversal direction. The heat exchange length was abr> _ i50

equivalent diameters.



34

The temperature measurement was made by (1), thermocouple placed in the

inlet and outlet of exchanger and before mixer, (2), thermocouples in the

wall separating two channels.

The experiments have been carried out for Reynolds numbers ranging froa

3000 to 100,000 and Peclet numbers 65 to 1200.

The variation of Nusselt number in the thermally developing region and

that in the hydrodynaaically and thermally developing region have been

measured.

The length of establishing the thermal regiae only and that for estab-

lishing both hydrodynamic and thermal regiae have been found.

AMPLEEV, KIRILLOV, SUBBOTIN and SUVOSOV (221) experimentally studied heat

transfer to NaK (Pr = 0.02 - 0.03) in a round tube. The boundary condi-

tions of uniform heat flux were used. The variation of theraal entrance

length in the fully developed flow was determined as a function of the

Reynolds numbers (Re = 10,000 - 100,000).

KALISH and DWYER (223) carried out an experimental study of heat transfer

to NaK flowing through unbaffled rod bundles.

In-line flow results were reported on nine different test rods located in

the center of a 19-rod bundle. They were obtained under conditions of ful-

ly established velocity and temperature profiles, and also under entrance-

region conditions (simultaneous development).

The test section consisted of a nineteen-rod bundle of 0.5 in. rods having

a equilateral triangular spacing. All nineteen rods were electrically

heated with alternating current at voltages up to 220. The central rod was

the only one on which data were taken. The surface temperatures of the test

elements were measured by means of copper-sheathed Chromel-Alumel thermo-

couples imbedded very slightly below the surface. The results on the first

: ive tests were in fairly good agreement with theoretical predictions, but

those on the last four fell low in the molecular conduction regime.



35

The effects of thermal contact resistance and entrance effects were exa-

mined. The results were consistent with those obtained by MARESCA and

DEWYER (224).

QUARMBY (93) performed measurements of turbulent heat transfer to air from

the core tube of a concentric horizontal annulus.

The annular section consisted of 10.5 ft of unheated tube followed by 9.5

ft in which the core tube was heated electrically. The outer tube was of

solid drawn brass 3-in o.d. and 2.88-in i.d. The stainless steel core

tubes were of three different radius.

The volume flow of air was measured by traversing the metering tube with a

pitot tube using a micromanometer. In the 1-in core tube the voltage trap-

pings and thermocouples were inserted into the small holes in the core

tube wall and soldered in place. For the two other cores, a travelling

thermocouple was made for each.

The radius ratios investigated were 2.88, 5.76 and 9.15 with a Reynolds

number range of 5,000 - 270,000. The investigation covered both the fully

developed situation and the thermal entrance region.

An experimental study was performed by CHIEN (94) to investigate the heat

transfer from a short, heated section of the core of a vertical, annular

upward flow system.

The geometry of the annulus was fixed. However, the location of the heated

section was varied with respect to the flow entry. Other variables in-

cluded the type of fluids (water, crude oil and two lubricant oils),

Prandtl numbers, Reynolds numbers and heat flux of the heated section.

•The special feature of this work was that the development of the velocity

profile could be disturbed, as the flow passed over the heated duct wall.

The thermal boundary layer started to develop on the heated duct wall, but

did not become completely developed since the length of the heated section

was too short.
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The test section was 28 in. long, 2 in. pipe with 0.628 in. core. The

entrance end of the pipe extended into the calming tank about 2 in.

Thirty gauges coppet-constantan thermocouples were used to measure tem-

peratures.

Test results showed higher heat-transfer coefficient when the heated sec-

tion was located within a short distance from the flow entry.

DRAVID, SMITH, MERRILL and BRIAN (38) carried out experiments to investi-

gate the effect of secondary fluid motion on laminar flow heat transfer to

water in the thermal entrance region of helically coiled tubes.

Extra heavy copper tubing was used. Teflon-insulated nichrome resistance

wire was wound around the tubing in a helically cut groove with a spacing

of 0.2 in. An initial length equivalent to 50 tube diameters was free of

the heading wire and provided a calming length for the development of the

velocity field.

Chrome1-constantan thermocouples were soldered on the outside of the tube

wall at 0 = 0 position at 17 axial positions with axially increasing spa-

cing.

In order to minimize the effect of a change in physical properties with

temperature, the difference between the wall and bulk temperatures or be-

tween the inlet and outlet temperatures was kept below 15°C in most runs

and below 20°C in all runs.

From the result of experiments, the characteristic cyclic behaviour of

wall temperature and Nusselt number have been observed.

An experimental study of heat transfer to mercury was carried out by

HLAVAC, NIMMO and DWYER (115, 116, 117). They studied the fluid dynamics

and heat transfer characteristics for fully developed flow through annuli.

The distribution of velocity, eddy diffusivity of momentum transfer, tem-

perature and eddy diffusivity of heat were measured.



The main purpose of this study was to determine the effects of wetting on

both the fluid dynamics and heat transfer.

The loop operated in the temperature range 43.3 - 51.7°C. Three different

test sections were used. They had r2/r1 radios of 2.09, 2.78 and 4.00.

Basically, a test section consisted of a long stainless-steel pipe in which

an electrical rod heater was concentrically positioned.

The velocity probes consisted of a 0.027 in. i.d. x 0.043 in. o.d. stain-

less-steel hypodermic tube centred in a 1/8 in. diameter stainless-steel

rod. The temperature probes consisted of copper-constantan thermocouples

mounted in streamlined stainless-steel support rods. The heaters, made

especially for the study, consisted of a Nichrome coil in MgO insulation

and swaged in a copper tube having a 2.55 mm thick wall.

The results revealed that the effects of wetting on velocity and tempera-

ture field were appreciable.

SRIVASTAVA, BAKHTAR and BANNISER (124) experimentally investigated the ef-

fect of an unheated length and the annulus ratio on the variation in heat

transfer coefficient in the early entrance region of an annulus.

Air was supplied to the test section by a Keith Blakman blower. The Rey-

nolds number range covered was 20,000 - 370,000. The main heater section

consisted of an annulus in which the inner surface was electrically

heated. The upstream section consisted of a simple entry length and in-

cluded provision for placing an unheated section or profile in front of

the main heater. Heater was of 39.89 mm o.d. and to investigate the in-

fluence of the annulus ratio on the results two separate sets of outer

tubes were employed.

The thermocouples used in the high temperature parts of the apparatus were

made from Platinum and Platinum + 13 % Rhodium wires, while those used for

the outer copper tubes and the insulation were of Chromel and Alumel

wires.

The rate of heat transfer between the element and the fluid was calculated

at each position along its length from a knowledge of the local rate of

power generation after correction.
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The shape of the unheated section was shown to have a great influence in

the first 1-2 equivalent diameters from the leading edge but thereafter

the results approach the values corresponding to the fully developed

conditions rapidly.

The experimental work has been done by FURBER, APPIEBY and FACER (101) to

determine local heat transfer coefficient and overall pressure drop data

for two annular channels of diameter ratio 1.47 and 1.20.

The channel for 1.20 diameter ratio was machined from brass bar 44.5 mm

outside dia and the finished bore was 31.1 mm. The channel for 1.47 dia-

meter ratio was formed from stainless steel tube 48.7 mm outside dia and

38.1 mm bore.

The heated cylinder was inserted into the channel to form the annulus as-

sembly which was mounted vertically in the pressure shell of a 20 bar test

circuit. Gas was circulated through the circuit by a variable spead cen-

trifugal compressor.

Upstream of the heated cylinder the annulus dimensions were constant. The

thermal boundary layer was therefore initiated into a fully developed

velocity boundary layer. The local mean bulk gas temperature was deter-

mined assuming the electrical power was dissipated uniformly up to the

axial plane in question.

Tests in helium and nitrogen were carried out at Reynolds numbers of

10,000 and 20,000 with further tests in nitrogen only at 100,000. Surface

to bulk gas temperature ratios up to 1.8 were investigated. The test con-

ditions chosen were influenced by high temperature gas cooled reactor

design requirements.

I0MBAKDI and SPARROW (96) performed an experimental investigation to pro-

vide more complete experimental information on the local transfer charac-

teristics for simultaneously developing laminar velocity and temperature

fields in a parallel plate channel. The experiments were carried out using

the naphthalene sublimate technique. In accordance with the analogy between

heat and mass transfer, the tests correspond to a heat-transfer problem

with the same uniform surface temperature at each of the channel walls.
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A flat rectangular duct with a cross sectional aspect ratio of about 60

was used for the experimental runs, which encompassed a Reynolds number

range from approximately 350-1500. Local transfer coefficients were deter-

mined as a function of dimensionless axial coordinate which varied over a

range of two orders of magnitude.

The experimental results were compared with analytical predictions and a

good agreement prevailed.

NEAL (97) further developed the thin film naphthalene mass-transfer ana-

logue technique to the stage that it is capable of predicting absolute

heat-transfer coefficients directly and accurately.

The test section was a smooth, polished perspex tube 1.8 m long and 0.127m

dia. The tube was coated with naphthalene over its entire length, repre-

senting a treated length of some fourteen diameters.

Tests were carried out over a Reynolds number range 76,000 - 1300,000.

Heat-transfer coefficients derived by analogy for flow through a tube

agreed with those given by the Colburn -equation to within ± 5 percent.

Tube entrance region heat transfer measured by analogy was in good agree-

ment with other investigations.

The effect of free stream turbulence level on the flow and heat transfer

in the entrance region of an annulus was studied experimentally by HEIKAL,

WALKLATE and HATTON (122).

The tests were carried out in an annulus of inner and outer radii 12.7 and

50.8 mm and total length 3.75 m. Air was drawn through the annulus by a

centrifuged fan to obtain Reynolds numbers in the range 13,000 - 190,000.

For test in which a high turbulence was required a turbulence promoter was

included after the entry section. The central core of wall thickness

2.2. mm was heated electrically and was fitted with thermocouples which

were spaced at 2.54 cm intervals near the inlet but at wider spacing

further down the duct.
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Tests were carried out with and without a turbulence promoter which gave

a large enhancement of free stream turbulence at inlet. The results were

compared with the prediction. Good agreement was obtained both in the en-

trance region and the fully developed situation.

Experiments have been performed by SPARROW and KEMINK (100) to study how

fluid withdrawal at a branch point in a tube affects the turbulent heat

transfer characteristics of the main line flow downstream of the branch.

Air was the working fluid.

Local heat transfer coefficients were determined both around circumference

and along the length of the tube, and circumferential average coefficients

were also evaluated.

The circumferential average Nusselt numbers in the thermal entrance region

were much higher than those for a conventional turbulent pipe flow having

the same Reynolds numbers.

SPARROW et al. (113) also experimentally determined heat-transfer coef-

ficients for turbulent airflow in a circular tube situated downstream of a

mixing tee.

Results were obtained for the circumferential average heat-transfer coef-

ficient at a succession of axial stations and for the circumferential va-

riations of the heat transfer coeficient at each station.

An experimental investigation has been made by HISHIDA (114) on the fine

structure of turbulent temperature fluctuations and their correlation with

velocity in the thermal entrance region of a circular pipe.

The experiments revealed that at all axial locations, the intensities of

velocity and temperature fluctuations, and the turbulent axial heat flux

reach their maximum in the buffer layer.

However, the effect of thermal development on the heat transfer froa rod

element to liquid sodium in annulus, which is of practical importance, has

not been studied experimentally.
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CHAPTER III

GENERAL INVESTIGATION ABOUT HEAT TRANSFER

IN THE THERMAL ENTRANCE REGION



It has been demonstrated experimentally that the heat transfer coef-

ficients for internal flow are dependent on channel geometry, axial loca-

tion, tube wall boundary conditions, velocity field, fluid themophysical

and transport properties and channel orientation.

In order to discuss the various aspects relating to heat transfer to

liquid sodium in the thermal entrance region, in this chapter we analyse

the effects of the Reynolds number, Prandtl number and axial conduction on

the heat transfer in the thermal entrance region.

For the estimation of the effects of velocity development and natural con-

vection, we use the analytical results of SIEGEL et al. and the experimen-

tal results of KENNING et al., respectively.

3.1. Characteristics of Liquid Sodium

With liquid sodium, as with other fluid, the density, viscosity, thermal

conductivity and specific heat are the properties to consider in heat

transfer. Liquid metals are unique among fluids because of their high

thermal conductivity and consequently low Prandtl number. Their viscosity

is comparable to that of water. Liquid sodium is useful as heat-transfer

medium because of its desirable thermal charasteristics.

One major advantage of liquid sodium as heat^transfer medium is the fact

that it is liquid over a wide temperature range (97.82°-881.4°C). This ex-

tremely- wide temperature range is possible at pressure up to 1 atm. As a

result, high-temperature difference can be used in the heat exchangers and

reactors.

Another distinct advantage of liquid sodium is the high thermal conduc-

tivity. A large quantities of heat can be removed rapidly by sodium at

very high temperature and at relatively low temperature difference. Under

similar hydrodynamic and thermal conditions of operation using other heat

transfer media, higher heat-transfer coefficient can be obtained. Thus

very high heat fluxes, such as are necessary in Fast Breeder Reactor, may

be handled. Among the liquid metals, sodium have the most desirable pro-

perties because of its high heat-transfer capacity and low pumping power.

Therefore, sodium is widely used in fast reactors.



For liquid sodium, the molecular conduction remains the chief mechanism of

heat transfer at the low end of turbulent regime, because the eddies

appear to lose essentially all of their heat while in transit. On the

other hand, when a Peclet number of about 5000 is reached (for flow in

circular tubes), which corresponds to a Reynolds number of about 700,000

for sodium, it would appear that the eddies lose an insignificant fraction

of their heat. But in contrast to the case of ordinary fluid, even under

these conditions, an appreciable fraction of the total heat transfer nay

still be due to molecular conduction. In other words, the temperature pro-

files for liquid sodium are not nearly so flat as they are for ordinary

liquids, which means that its resistance to heat transfer is much uniform-

ly distributed across the entire flow channel.

A comparison of temperature profiles of various fluids is shown in Fig.

3.1.-1 (180).

Within the turbulent core of a fluid, heat is transfered by combined mole-

cular and eddy conduction in ordinary fluid, the molecular conduction is

small compared with the eddy conduction and it nay be neglected in analy-

tical heat transfer computations for the core zone. For liquid sodium, as

a result of its high thermal conductivity, it is necessary to retain the

molecular conduction contribution in considering the core analysis as well

as in the analysis of the buffer layer and the laminar sublayer.

In the following table, a comparison of the ratio of total conductivity in

turbulent flow (molecular conductivity + eddy conductivity) to the aole-

cular conductivity between water and liquid sodiun are shown for the li-

quids flowing in a 2-in I.D. smooth pipe at a Reynolds number of 30,000,

the metal temperature is 704°C.
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Table 3.1.-1 Comparison of Conductivity Ratio 'k

Reynolds number 30,000 2 in I.D. smooth pipe

Dimensionless distance 0

Water

Liquid

15

16.05

1.0074

(15.6°C)

Sodium (704°C)

20

23.46

1.0110

1

1

30

55.47

1.0272

1

ii 
i-i

40

111.0

1.0540

2

1

1

3

1 1

1 1

100

264.6

1.1370

4 5 6

1 2.479

1 1.007

200

467.3

1.2290

8

5.522

1.0022

500

585.7

1.2870

10

8.549

1.003

700

287.6

1.1407

It can be seen that for the liquid sodium considered in Table 3.1.-1 the

total conductivity keff is never more than 1.3 times as great as the

thermal conductivity k, which means that molecular heat transfer is pre-

dominant throughout the cross section of the tube.

For this reason, the laminar boundary thickness is not important since the

resistance of the laminar layer is only a small fraction of the total

resistance to heat transfer and there is a significant resistance to heat

transfer in the turbulent core, as well.

In the laminar flow, the fully developed heat transfer condition for

liquid sodium is approached much more rapidly than for the fluids with

high Frandtl number. This is a consequence of the fact that the the ratal

boundary layer develops more rapidly for liquid sodiua.

However, in turbulent flow, a contrary tendency has been observed.

3.2. Behaviors in the Thermal Entrance Region

In liquid sodium, as in more common fluid, the heat transfer conditions in



the entrance region are quite different from the conditions which prevail

far downstream from the entrance.

When a viscous fluid flows in a closed conduit, the boundary layer extends

from the wall to a point in the fluid where the velocity is a maximum.

The boundary layer does not form immediately at the entrance of the con-

duit but builds up in the entrance region.

First, we consider the velocity distribution of a fluid initially at uni-

form velocity and temperature as it enters a closed channel and assume

that no heat transfer occurs. The portion of the fluid adjacent to the

channel wall is slow to zero velocity. Internal friction forces within the

fluid spread the drag influence of the portion near the channel wall,

while the fluid near the center of the channel may still has essentially

a uniform velocity but is accelerated in order to satisfy the continuity

equation. At the point where the fluid enters the conduit the boundary

layer has zero thickness. The thickness increases along the length of the

conduit untill it begins to intercept the boundary layer from the opposite

wall. At this point the boundary layers begin to lose their identity and a

non-varying velocity distribution across the duct is approached.

Thus, a completely developed hydrodynamic boundary layer signifies a fully

established flow regime. The various theoretical analysis of flow in the

entrance regions have been based on the assumption that the fully deve-

loped velocity profile forms in this manner.

The thermal boundary layer development happens in a manner similar to

hydrodynamic boundary layer development.

A thermal entrance region results when a fluid flowing adiabatically in a

passage enters a region having a wall temperature different from that of

fluid. This new temperature distribution may be an uniform one, or may

result from various heat flux boundary conditions. On entering the heated

section, a new temperature distribution will be set up within the fluid.

This may take various forms depending upon the thermal boundary conditions

and the past history of the fluid.
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Generally, there are two situations in the entrance region : (1), simulta-

neous development of velocity and temperature distribution, (2), thermal

development with an established velocity profile.

(1). Simultaneous development of velocity and temperature distribution.

Suppose the fluid enters a channel from a larger space and both the tempe-

rature and velocity are uniform across the eutrance section. An uniform

heat flux is maintained at the channel walls. As the fluid progresses down

the channel, the respective action of viscosity and heat conduction at the

wall causes vorticity and heat to spread from the channel walls into the

main stream. The distance from the wall to which these effects propagate

into the main stream can be measured in terms of boundary-layer thickness.

Depending upon the fluid properties, the velocity and thermal effects

diffuse at different rates, and hence the thickness of the velocity and

thermal boundary layers will generally be different.

With simultaneous development of both velocity and temperature fields, the

Prandtl number becomes a more significant parameter.

The Prandtl number represents the ratio of momentum diffusion to thermal

diffusion and thus indicates the relative growth of the hydrodynamic boun-

dary layer compared to the thermal boundary layer. Fig. 3.2.-1 illu-

strates schematically how the boundary layers develop in the entrance re-

gion of a channel. Fig. 3.2.-la refers to low Prandtl-number fluids where

the thermal boundary layer thickness is greater than the hydrodynamic one.

Fig. 3.2.-lb is for high Prandtl number, the manner is just on the con-

trary.

(2). Thermal development with a fully developed velocity profile.

When a thermally and hydrodynamically established fluid flowing in a duct

system suddenly flows over surfaces which possess some new temperature

distribution a thermal entrance region results. This new temperature dis-

tribution may be an uniform one, or may result from an uniform wall heat

flux distribution, or may be characterized by some intermediate conditions.
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As the flowing stream continues to receive heat from the walls, the ther-

mal boundary layer grows gradually with a manner similar to the previously

described hydraulic one. The fluid in contact with the channel wall must

have the temperature of the wall. The influence of this region near the

wall then spreads toward the center of the channel. Finally, the thermal

boundary layers growthing from the walls of duct intersect each other and

a thermal fully developed situation is established.

If the hydrodynamic or thermal boundary layers have not been fully estab-

lished in a system, forced-convection relation for established regions can

not be used to predict the heat transfer characteristics.

It is well known that the convective heat transfer in the eutrance region

where the thermal boundary layers are not yet established can be far

superior to heat transfer in the fully developed regions.

The developing temperature field in the fluid greatly influences the

local convective heat transfer. For example, in the case of a step func-

tion boundary temperature circumstance the heat transfer coefficient can

be very high at the entrance region because the thin thermal boundary

layers have low thermal resistance.

At the cross section where heating commences the local heat transfer

coefficient is theoretically infinite and decreases in the direction of

fluid flow until a steady-state or fully developed value is reached.

Theoretically, according to the definition of heat transfer coefficient

the above described situation can be seen clearly.

The following equation may be written for variation of the heat flux at

the channel wall with distance x from the entrance of the heated section.

q(x) = hx (tw - tb) x (3.2.-1)

Therefore, the heat transfer coefficient is

q(X)hx =
(tw - tb) x (3.2.-2)



where q(x) heat flux across a fluid-solid interface

tw temperature at the channel wall

tb mixed bulk fluid temperature

hx local heat transfer coefficient

We consider two ideal cases which may be used to illustrate the point that

at the entrance of the heat transfer region the heat tranfer coefficient

is infinite.

First consider the fluid with uniform temperature entering a channel with

a constant temperature at the wall which is different from the fluid's

one.

The fluid adjacert to the wall must be a laminar flow, so the mechanism of

heat transfer i e.c- the wall is molecular conduction merely. Then, one has

q(X) =

where R radius of the duct.

At the beginning (x = 0) the wall temperature is raised to a new value

which prevails for all positive value of X- Obviously, as the fluid pos-

sesses a different temperature at the cross section of x = 0, the value

9t(R,x)/9Y approaches an infinite value as X approaches zero. Because (tw-

tb) remains a finite value at X = 0, then from the equation (3.2.-2) the

heat transfer coefficient hx approaches infinite as X approaches zero.

Secondly, we consider the case that the fluid flowing in a duct with a

thermally and hydrodynamically established regime encounters sudddenly a

step-wise varying heat flux at the wall.

At x < 0, the wall of duct has a same temperature as fluid. From X = 0,

the temperature at the wall begins to enhance. Obviously, (tw - tb) ap-

proaches zero as X approaches zero. As q(x) is a finite positive value,

so it is concluded from the equation (3.2-2) that the heat transfer coef-

ficient approaches infinite as X approaches zero.

As the fluid progresses downstream, the heat transfer coefficient de-

creases gradually because 3t(R,x)/dY diminishes rapidly for the first case

and because the wall temperature increases for the second case. Finally,
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an asymptotic value is reached for the both cases if the pipe is long

enough.

It is evident that as long as the temperature profile keeps changing with

axial distance, whether or not the velocity profile is changing, the heat

transfer coefficient will continue to decrease.

Now we observe the thermal development in the flowing liquid sodium.

As all liquid metals, the thermal stabilization in liquid sodium with

fully developed flow occurs more rapidly than hydraulic stabilization,

because of its high heat-transfer capacity. If the velocity and tempera-

ture fields develop simultaneously, this is the hydraulic stabilization

which controls the rate of thermal stabilization. The temperature profile

develops much faster in the early portion of the entrance region than in

the later portion. In the later portion, its rate of development is con-

trolled by the relatively slow development of the velocity profile. As

shown later, the thermal entrance effect for fully developed laminar flow

of liquid sodium are very short, and in most practical situations, can be

ignored. On the other hand, for developing velocity profiles, laminar-flow

thermal-entry lengths are, by comparison, quite long.

While in laminar flow, thermal development for liquid sodium is much more

quick than that for ordinary liquids, in turbulent flow the reverse is

true. In turbulent flow of ordinary liquids, most of the temperature

change across the channel occurs in the laminar boundary layer near the

wall; while in the case of liquid sodium, as shown in Paragraph 3.1.,

there is a more gradual temperature change from the wall to the channel

center even in turbulent regime. Thus, the shapes of fully developed tem-

perature profiles for ordinary liquids, compared to those of liquid sodium,

are closer to a flat temperature profile. For that reason, they are deve-

loped in a shorter channel length; but for liquid sodium the temperature

profiles should be developed in a longer axial distance.

There is another difference between the thermal entrance behaviours of li-

quid sodium and that of ordinary liquids. In the case of liquid sodium,

thermal entrance lengths vary considerably with Reynolds number, first

increasing, and then decreasing, as the Reynolds number is increased (we



50

will discuss it later). By contrast, the thermal development varies very

little with Reynolds number, in the turbulent flow of ordinary fluids.

Usually, the ratio of the Nusselt numbers is used to investigate the

thermal development effect.

If Nux is local Nusselt number in the entrance region and Nud is Nusselt

number in the thermal fully developed region, the departure of Nux/Nud

from unity is a measure of the entrance effect.

3.3. Thermal Entrance length

Of considerable practical importance is the knowledge of the conditions

under which entrance effects must be accounted for in the heat transfer

evaluations. In particular, it is of interest to know the value of X/De

(axial distance expressed in equivalent diameter) beyond which entrance

effects may be ignored.

The distance required for the temperature field to become established is

called "thermal entrance length".

In reality, the transition from the entrance region to the fully developed

heat transfer condition would be smooth.

Attention must now be brought to the definition of the thermal entrance

length used by different investigators. The definition used by some

authors (20, 93) is based on (Nux/Nud) = 1.05; i.e. that distance required

for the local heat transfer coefficient to approach to within 5 percent of

the fully developed value. Some authors (7) utilized the values based on

(Nux/Nud) = 1.00; i.e. that distance from the entrance to the cross sec-

tion where temperature profile has no straight-line portion normal to the

fluid flow axis;

In Fig. 3.3.-1 is shown the variation of entrance lengths as a function of

Reynolds number with different Prandtl number (7). The solid lines are

based on (Nux/Nud) = 1.00, while the dashed lines are corresponding to

(Nux/Nud) = 1.05.
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From Fig. 3.3.-1 it can be noticed that the effect of Prandtl number on

thermal entrance lengths is in completely opposite agreement according to

the definition used.

By definition based on (Nux/Nud) = 1.00, the thermal entrance lengths inc-

rease as the Prandtl numbers increase.

Whereas the thermal entrance lengths decrease with increasing Prandtl

number if the definiton based on (Nux/Nud) = 1.05 is used.

The effect of the definition of thermal entrance length is more critical

with high Prandtl number. From Fig. 3.3.-1 it can be seen that at Reynolds

number 100,000 with Prandtl number 10 the difference of entrance lengths

based on two definitions is 600 percent.

Anyway, a variety of definitions has been used by different investigators.

The thermal entrance length was defined by QUARMBY as that at which Nux

has a value 5 percent greater than Nud. Experimental values were deter-

mined by drawing a straight line on the temperature plots parallel to the

bulk temperature line and at a correct distance from it (93). SPARROW

et al. (20,100) defined the thermal entrance length as that value of X/De

at which the Nusselt number approaches to within 5 percent of its fully

developed value. The definition based on (Nux/Dud) = 1.02 has been taken

by SLEJCHER et al. (47). In the analysis POPPENDIEK used a definition of

(Nux/Nud) = 1.01 (16). BHATTI et al. (4) computed the values of the ther-

mal boundary layer thickness and defined the thermal entrance length as

axial distance at which the thermal boundary layers growing from the oppo-

site channel walls merge.

However, to distinguish between heat transfer coefficients differing from

each other by only 5 percent, is practically very difficult in an expe-

rimental investigation, since the spread of experimental data in the heat

transfer field is usually greater than 5 percent, no matter how careful

and complete the experimental programme may be. Therefore, in our work

the definition of thermal entrance length based on (Nux/Nud) = 1.05 will

be used to investigate the thermal development effect.
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The following table shows the results of entrance lengths by some inves-

tigators for various fluids.

TABLE 3.3.-1 : Summary of Thermal-Entrance-Length Investigation

Investigator Type of Boundary condition Prandtl Entrance Length x/D

Investigation number Re

104 5xlO4 10s 5xl05

Sparrow et al [20] Analytical Uniform heat flux 0.7 12 13 14

Sleicher et al [47] Analytical Uniform wall temperature 0.718 10 19

Boelter et al [111] Experimental Uniform wall temperature 0.72 8 15

Deissler [87] Analytical Uniform wall temperature 0.73 2 7

Deissler [87] Analytical Uniform heat flux 0.73 3 7

Berry [90] Analytical Uniform wall temperature 1.0 12 17

Latzko [18] Analytical Uniform wall temperature 1.0 4 5 7

Beckers [34] Analytical Uniform wall temperature 1.0 21 21 21

Wolf et al [112] Experimental Uniform heat flux 0.73 9 — 16

Mills [104] Experimental Uniform heat flux 0.73 8 — 9

Hartnett et al [99] Experimental Uniform heat flux 7 2. 3

Sparrow et al [20] Analytical Uniform heat flux 10 4 4 4

Deissler [87] Analytical Uniform heat flux 10 2 1

Berry [90] Analytical Uniform heat flux 10 13 17

Hartnett et al [99] Experimental Uniform heat flux 60 1.5

Sparrow et al [20] Analytical Uniform heat flux 100 <1 <1 <1

Deissler [87] Analytical Uniform heat flux 100 0.3 0.2

From table 3.3.-1 it can be seen that for ordinary fluids at a fixed

Prandtl number the entrance lengths are little affected by the Reynolds

number.



53

But there is a marked decrease in the entrance length as the Prandtl

number increases.

By contrast, in the case of liquid sodium, thermal entrance lengths vary

considerably with the Reynolds number (see following paragraph).

3.4. Influence of Reynolds Number on Heat Transfer in the Thermal Entrance

Region.

The Reynolds number influences thermal boundary layer development by its

effects on the flow regime.

The experiments (93) revealed that the thermal entrance length increases

with Reynolds number.

However, for low Prandtl number, increase in Reynolds number leads to an

increase of entrance length; at very high values of the Prandtl number,

the variation of entrance length with Reynolds number is more complex. The

variation of Reynolds number has, in general, a minor influence on thermal

entrance length for fluids with Prandtl number greater than unity.

In order to investigate the influence of Reynolds number on heat transfer

to liquid sodium in the thermal entrance region, we consider a simplified

case. In many cases of liquid metal heat transfer, slug-flow Nusselt num-

bers are satisfactorily close approximations to turbulent-flow Nusselt

numbers for the Peclet number up to about 500. Therefore, we assume that

a fluid flowing with an uniform velocity profile in a parallel-plates

suddenly encounters a step-wise temperature variation at the wall (t = to

for X < 0, t = tw for X > o) (Fig. 3.2.-2). If the longitudinal heat con-

duction term is negligible compared with the convection term, the analysis

for this system can be presented as following.

u§t _ a2§ft

9x ay2

with boundary conditions

= 0

y=0
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= tw
y=± b

= to

x=o

lim t = tw

where a2 =

b half-width of channel

u velocity of the fluid

x longitudinal coordinate

y transversal coordinate

The above equations can be rearranged by introducing non-dimensional para-

meters as

3T _ 2 32T
3x " P fie dy2

(3.4.-1)

L"T = 1 (3.4.-2)

= 0
y=±l

3T
3y

lim
x-*»

where T

= 0
y =

T =

t -

o

0

0

tw

- tw

(3.4.-3)

(3.4 -4)

(3.4.-5)

Y =

68
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supposing T = g(y)e leads to

— S + r e \g = 0 (3.4.-6)
dy2 2

Because the temperature must be finite when x approaches infinit,

K takes positive values.

with the substitution w2 = —•%— A., one has

d2g
+ w2g = 0 (3.4.-7)

dY2

The solution of Equation (3.4.-7) is

g(\) = B cos wY + C sin wY

From the symmetry condition (3.4.-4), c = 0

g(\) = B cos wY

In order to satisfy the condition (3.4-3), w must take the value as

k
K 2

k = 1, 2, ..., »

Then the solution is

f2K - 11 (2K -f2K - 11
T = 2 Bv cos i ^ 13- n Y e 2RePr

k=l K 2

From the condition (3.4.-2)

os

1 = Z Bv cos (2K - 1) T1Y
k=l & 2

Multiplying both sides with cos =—- I1Y and integrating it froa -1 to +1,

according to the orthogonality of the eigenfunction,
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the coefficients of series can be evaluated by following equation.

1

S c o s SSLLD mdY

- 1 2

J c o s 2 ( ( 2 K ~2
 1 } ITYdY

Finally

T :

(2K

, the

os

= 2

k=l

- i)n

temperature distribution

4 (2K - 1)

.1 (2K - 1) 2

is

(2K - l)2n2

fe" 2 Pr Re (3.4.-8)

Now calculate the Nusselt number.

The local heat transfer coefficient and Nusselt number are defined in the

usual way as

h = \^~\ (3.4.-9)

Nu " K (3.4.-10)

De = 2 b for parallel plates

The heat flux can expressed by following

q
3Y |y=±b (3.7-11)

The bulk temperature can be defined as

b

X-b« t d y

J u d y
-b
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Substituting Equations (3.4.-8) into it and integrating the resulted equa-

tion leads to

(2K - l)2n2
 x

- e" 2 Pr Re

K = 1 (2K - l)2n2

8

and the dimensionless temperature at the wall is

Tw

From equation (3.4.-9), (3.4.-10) and (3.4.-11) the dimensionless equa-

tion to evaluate the Nusselt number can be expressed as

3T

"''ay
N =
u

Y=I
Tw - Tb

Where Tw is the dimensionless temperature at the wall

Tb is the dimensionless bulk temperature

The derivative of temperature at the wall can be written as

3Y Y=l

OB

= -2 I

K=l

(2K - l)2n2

e- 2 Pr Re

JIT
With the obtained Tb, Tw and ™

dx
can be written as

, the expression of Nusselt number

Y=l

(2K - l)2n2 X

k =
e

1
2

2

Pr Re

— e

(2K

2

- i)2rr2

Pr Re

v

Nu =

K = 1 (2K - l)2n2

The resulting Nusselt number solution for Pr = 0.006 corresponding to li-

quid sodium at 300°C is graphed in Fig. 3.4.-1 for various Reynolds num-

bers .
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It can be seen that the behaviour of liquid sodium in the thermal entrance

region is heavily affected by the variation of Reynolds number. At low

Reynolds numbers, eddy conduction is negligible and the heat transfer

coefficient depends primarily on the boundary layer tickness, which tends

to increase the Nusselt number as the Reynolds number is increased. The

entrance length, too, is forcefully influenced by the Reynolds number. The

entrance length increases quickly as the Reynolds number augments.

It can be indicated that in slug and laminar flows, the thermal entrance

lengths for liquid sodium are much shorter than those for ordinary liquids

and is negligible.

However, for the turbulent flow at high Reynolds number, the situations

are quite different. With increasing Reynolds number, the entrance effect

for liquid sodium becomes significant. Fig. 3.4.-2 shows a comparison of

thermal entrance effects between liquids sodium and ordinary fluids (ref.

Paragraphe 4.2.). It can be seen that at high Reynolds number, the manner

is completely on the contrary. The entrance lengths for ordinary fluids

are much shorter than those for liquid sodium. As previously shown, these

can be explained with the difference in the temperature profile shapes.

In turbulent flow of ordinary fluids, most of the temperature change oc-

curs in the laminar boundary layer near the wall, the fully developed

temperature profiles of ordinary liquids are closer to a flat one and are

developed in a shorter channel length. For liquid sodiua, the manner is on

the contrary.

In Fig. 3.4.-3 and Fig. 3.4.-4 are shown the variation of Nusselt number

with Reynolds numbers for ordinary fluid and liquid sodium for annular

duct, respectively (ref. Paragraph 4.2.). It can be noticed that the ther-

mal entrance lengths vary considerably with Reynolds number for liquid

sodium, but for the ordinary fluids, the thermal entrance length varies

very little with Reynolds number.

The experimental results of MILLS (104) for air flowing in a circular tube

showed same tendency.
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SPARROW, HALLMAN and SIEGEL (20) analysed the entrance heat transfer in

the circular tube and found that for a fixed Frandtl number the Reynolds

number appears to have a minor influence on entrance length (for Pr = 0.7

- 100).

QUARMBY (93) experimentally investigated the turbulent heat transfer to

air from the core tube of a concentric horizontal annulus. The experiments

were carried out with a Reynolds number range of 5,000 - 270,000. He com-

pared the results with those of SPARROW et al. This showed rather less

Reynolds number dependence of the theoretical prediction than the expe-

rimental results.

LEE (7) analysed turbulent heat transfer in the thermal entrance region

of concentric annuli with a Reynolds number range from 10,000 to 200,000.

He found that for Prandtl numbers from 0.1 to 10, the Reynolds number

seems to have minor influence on entrance effects. The values of Nux/Nud

very near to the entrance for the high Reynolds number are lower than

those for low one, for given Prandtl number.

SLEICHER (47) et al. investigated heat transfer in a pipe and a comparison

with the experiments of BOELTER (111) was made. The same trends have been

found.

However, the data for liquid metals are rare. DEISSLER (37) obtained a

solution for widely varying Prandtl number, including 0.01, for a wide

range of Reynolds number and for the thermal boundary condition of uniform

heat flux. The results revealed that for low Prandtl number, the Reynolds

number has a significant influence on heat transfer in the thermal en-

trance region.

Finally, it must be remarked that as shown later for liquid metals, there

is another phenomenon. With increasing Reynolds number, the entrance

length first increases, and then decreases for higher Reynolds number (see

Paragraph 4.8).
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3.5. Influence of Prandtl Number on Heat Transfer in the Thermal Entrance

Region

Because the Prandtl number represents the ratio of momentum diffusion to

thermal diffusion and thus indicates the relative growth of the hydro-

dynamic boundary layer compared to the thermal boundary layer, in the case

of simultaneous development of velocity and temperature field, for fluids

with low Prandtl number the fully developed heat transfer condition is

approached much more rapidly than for the fluids with high Prandtl number.

This is a consequence of the fact that the thermal boundary layer develops

more rapidly for low Prandtl number fluids because of higher heat transfer

capacity.

For the thermal entrance region with a fully developed flow, the influence

of Prandtl number on thermal entrance effect is rather complex.

Now consider a circular pipe system. The temperature at the wall of pipe

is t = to for x < o and t = tw for x > o. Similarly, uniform temperature

and velocity profiles of the entering fluid are assumed. The longitudinal

heat conduction term is neglected to simplify the analysis.

Then the governing equation and boundary conditions for low Reynolds num-

ber flow of liquid metals can be expressed as

u9t = 2 , 8 % 1 3t)
U3X ( § ^ +

t = to (3.5.-2)

jx = o

t I D = tw
IY "2 (3.5.-3)

3t

* = ° = ° (3.5.-4)

lim t = tw

(3.5.-5)
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where a2 =

D = diameter of the pipe

Making the following transformations

t - tw
T =

t - tw
o

D

2

the dimensionless equations are

8T _ 1 ,32T . 1 3T.

3X Pr Be 3R2 R 3R

x=o
= 1

R=l = o

§T
3R

R=o = o

lim t = o

(3.5.-6)

(3.5.-7)

(3.5.-8)

(3.5.-9)

(3.5.-10)

—AX
Suppose T = F(R) e

From the condition (3-5-10), A must take positive values and

I d£ + PrRe ̂  = Q

dR2 R dR

Make the substitution w 2 =
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The equation becomes

R2 dfF + R dF + W 2 R 2 F _ 0 (3.5.-11)

dR2 dR

This is a Bessel equation of zero order.

The general solution is

F(R) = AJo (wR) + BYo(wR)

Where Jo(wR) is Bessel function of zero-order and first kind, and

Yo (wR) is that of second kind.

Because the temperature must take finite values at R = 0, then B = 0.

From the condition (3.5.-8), the solution can be obtained as

oo
T = I An Jo (or R) e" P r R e X

<• nn=l

Where a are the roots of following equation.

Jo (a ) = 0
n

The coefficients of the series A can be evaluated by the initial condi-

tion (3.5.-7)

OB

Jo (0fQR) = 1

n=l

Multiplying the both sides by Jo(W.R) and integrating it, from the ortho-

gonality of the eigenfunctions, the coefficients of series can be calcu-

lated as

1

J Jo (aQR) RdR

A =

(a-nR) RdR



Therefore, the temperature distribution is

06 2 Jo(a R)
n «," R e P r x

From the definition of bulk temperature

D
2

tb =

63

The dimensionless bulk temperature can be evaluated as

_ » * * 2 Jo(anR) - §-2§T X
— i. j £ 'e ne rTb

o n=l a
n

RdR

n n1

- 4 _ ^ s ! x
= Z e Re Pr
n=l a 2

n

From equation (3.5.-8), the dimensionless temperature at the wall is

Tw = 0

and the gradient of temperature at the wall is

dR R=l

os 4 an2

2 Z e" Pr Re
n=l

The Nusselt number can be evaluated as

a —
U

,3T

Tw - Tb
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co
I

n=l

I
n=1

4cf ^n

e" PrRe

1
~T~ e

X

4a 2

' n Y

PrRe

Soots
2.4048
5.5021
8.6537

11.7915
14.9309

Differences
3.1053
3.1336
3.1378
3.1394

The first five positive roots of Jo (X) and the differences of successive

roots are outlined in the following table

Table 3.5.-1 Roots of Bessel function of Zero Order

orl

0(2

a3

a4

a5

It can be seen that as x becomes large enough, the differences between

successive roots approach II. For the numerical calculation, the differences

were taken as n for an > a5, and 50 terms have been calculated.

Fig. 3.5.-1 and Fig. 3.5.-2 show the variation of the local Nusselt number

for various Prandtl number for circular tube and parallel plate channel,

respectively.

It can be seen that at a given Reynolds number, the higher the Prandtl

number, the greater is the thermal entrance length.

For low Reynolds number flow, the thermal entrance length for liquid

metals are much shorter than those of ordinary fluids. For example, at

Re = 2000 and Pr = 0.006 the thermal entrance length is only about two

equivalent diameters (Fig. 3.4.-1). Then, the entrance effect can be prac-

tically neglected.
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But the manner with high Reynolds number is different. To illustrate the

effect of Prandtl number in this regime, a comparison is made in Fig.

3.5.-3 as a function of the dimensionless axial distance for various

values of Frandtl number of fluids flowing in an annulus (Ref. Paragraph

1.2.). For a fixed Reynolds number and radius ratio, the entrance effects

at a given axial distance decrease with increasing Prandtl number. The

same trends were observed in the pipe flow. SPARROW et al. (20) stated in

their analysis of thermal entrance heat transfer in a pipe flow that there

is a marked decrease in the entrance length as the Prandtl number in-

creases and this was substantiated by the experimental results of BOELTER

(111).

Fig. 3.5.-4 shows the effects of Prandtl number and Reynolds number on

the thermal entrance lengths under the thermal boundary condition of uni-

form wall temperature (47).

It is interesting that, at a given Reynolds number, the thermal entrance

length at first increases with increasing Prandtl number and than begins

to decrease, the thermal entrance length passes through a maximum, as the

Prandtl number increases.

It must be indicated that as Prandtl number increases above about 10,

there is very little influence of Prandtl number on the entrance length at

a given Reynolds number.

HARTNETT (99) concluded from his experimental work that the entrance

length is unaffected by Prandtl number when the Prandtl number is greater

than one.

However, from the above discussions it can be concluded that for liquid

sodium, the Prandtl number of which varies from 0.005 to 0.01 in the prac-

tical case, the thermal entrance effect increases monotonically as the

Prandtl number enhances for a given Reynolds number.
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3.6. Influence of Velocity Development on Heat Transfer in the Thermal

Entrance Region

When the velocity and temperature profiles develop simultaneously in a

duct, the velocity and thermal effects diffuse at different rates depen-

ding upon the fluid properties. The temperature of the fluid outside

the thermal boundary layer is essentially the same as the entering tempe-

rature; however, because the fluid near the channel walls is retard owing

to viscosity, the velocity outside the velocity boundary layer must in-

crease along the channel length to preserve the same total mass flow.

Within the boundary layers, the temperature and velocity vary with both

longitudinal and transversal coordinates.

Far down the channel, when both the velocity and thermal boundary layers

have completely filled the section, the local heat transfer coefficient

becomes a constant.

Now we consider the influence of the developing velocity profile on heat

transfer in the thermal entrance region.

The results of SIEGEL et al. (10) can be used to estimate the influence of

velocity development on heat transfer in the entrance region. SIEGEL et

al. proposed the following equation to evaluate the Nusselt number for a

parallel-plate channel with simultaneous development of velocity and tem-

perature field.

Nu =
5 (6 j X/a

8 a (Ua ) p r

where 6 thermal boundary layer thickness

a half width of parallel-plate channel

U uniform velocity of entering fluid

Fig. 3.6.-1 shows a comparison between the heat transfer with simultaneous

development of temperature and velocity profiles and that for a velocity

distribution which is fully developed at the thermal entrance and unchan-

ging along the duct length.
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It can be seen that the lower the Prandtl number is, the greater the ef-

fect of the developing velocity distribution becomes. In all cases the

simultaneous velocity development causes an increase in heat transfer

relative to the solution of unchanging velocity profile. The simultaneous

development of velocity profile tends to lower the wall temperature in

the entrance region.

The thermal entrance lengths, for simultaneous developing velocity and

temperature profiles, are very long.

SRIVASTAVA et al. (124) experimentally investigated the effect of an un-

heated length on the variations in heat transfer coefficient in the early

entrance region of an annulus. The enhancement of heat transfer coef-

ficient in the entrance region for simultaneous developing velocity and

temperature distribution has been observed. The local heat transfer coef-

ficients along the short heater length are very dependent upon the geo-

metry of the section preceding the heater. In the case of the annular duct

leading by a flat nose-piece and no unheated surface preceding the heater,

a rapid transition effect occurs over the first equivalent diameter down-

stream of the leading edge which corresponds with wake formation caused by

the abrupt change. The heat transfer rate reached a maximum initially,

which is much higher than that obtained with an unheated secton of suf-

ficient length (12 equivalent diameters) preceding the heater and there-

after droped to its fully developed value. It is generally above the value

of the case with a long unheated section preceding the heater.

However, in the practical case, the manner of velocity development is

variant. Besides the above described case in which the fluid enters the

straight channel from a reservoir, the velocity and temperature fields

develop simultaneously in coiled tubes or after a flow branch are also

often encountered in the engineering practice.

SEBAN et al. (109) attempted to measure the local heat transfer coeffi-

cient in the thermal entrance region of helically coiled tubes. In some

experimental runs the cyclic oscillations of the heat transfer coeffi-

cient with increasing downstream distance have been observed. The local

heat transfer coefficient is greater than the values expected for a

straight tube.
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SPARROW et al. (100) performed experimental investigation to study how

fluid withdrawal at a branch point in a tube affects the turbulent heat

transfer characteristics of the main line flow downstream of the branch.

The experimental results have demonstrated that fluid withdrawal at a

branch point in a pipe has a marked effect on the downstream heat transfer

in the main line. The circumferential average Kusselt numbers in the

thermal entrance region are much higher than those for a conventional

axisymmetric flow having the same Reynolds number.

The increase in the heat transfer coefficient may be attributed to various

flow field events. One of these is the secondary flow which is induced by

pressure variation caused by the turning of the flow passing into the

withdrawal tube. Also, fluid particles entering the test section tube

carry their upstream momentum. Thus, high velocity fluid, albeit nonuni-

formly distributed, is available to participate in the heat transfer

process. Finally, the turning, the secondary flow, and the subsequent

readjustments of the velocity field give rise to a substantial amount of

mixing which serves to enchance the heat transfer.

In addition to the higher value of the heat transfer coefficient, another

effect is the elongation of the thermal entrance region. The entrance

lengths for air are in the range of 20 to 30 diameters, which is substan-

tially larger than the entrance length for a conventional air flow-

In an other experiment, SPARROW et al. (113) determined the heat-transfer

coefficients in a circular tube situated downstream of a mixing tee. Simi-

lar situations have been found.

Finally, it can be concluded that if the velocity profile of the fluid

entering a heat-transfer passage is not developed, the entrance effect

will differ from that where the velocity profile is fully developed at

the thermal entrance. Generally, the heat transfer coefficient is much

larger than that of purely thermal entrance, and the entrance length is

longer. The lower the Prandtl number (e.g. liquid metals), the greater the

effect of the developing velocity distribution.
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SIEGEL (10) proposed the following formules as an estimation of the length

of duct required to establish the fully developed heat transfer conditions

for parallel-plate channel.

For Pr > 0.7

(-) =0.14 (—) Pr
a ent v

For Pr = 0.01

(-) = 0.003 —
a ent v

where subscript "ent" refers to thermal entrance length.

As shown previously, when the simultaneous development of both temperature

and velocity profiles is concerned in turbulent flow of liquid sodium, it

is the relatively slow development of the velocity profile that determines

the thermal entrance length. A general rule seems to be that the entrance

length is 3 to 4 times the thermal entrance length when the velocity pro-

file is fully developed (163). When Pr = 1, and when the velocity and

temperature profiles are flat at x = 0, both profiles develop at about

the same rate, so that the thermal entrance length and hydraulic entrance

length are approximately equal. When Pr « 1, and when both profiles are

flat at x = 0, its rate of development is controlled by the relatively

slow development of velocity profile.

For an estimate of thermal entrance lengths for channel flow of liquid

metals with simultaneous development of both temperature and velocity pro-

files, one must turn to experimental results. In many cases, however, the

test conditions were not sufficiently controlled and the data were not

sufficiently accurate to present a very complete and definitive picture

(218-225). Another uncertainty is the value of Nux/Nud at which the ther-

mal entrance length was arbitrarily defined in each case.

As a rough guide DWYER (163) suggested that at Pe = 1000, the thermal en-

trance length for liquid metals is approximately 30 equivalent diameters

when the velocity profile is developing along with the temperature pro-

file.

1
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3.7. Hydrodynamic Entrance Length

When a fluid enters a conduit, the boundary layer begins forming at the

entrance. The fully developed unchanging velocity profile exists after the

edge of the boundary layer coincides with the axis of the duct at a suf-

ficient distance from the duct entrance, where a balance between the pres-

sure and viscous forces is achieved. The fluid-dynamical conditions at the

entrance of the conduit greatly influence the length required for the

'fully developed velocity profile to form.

The length of duct required to attain essentially fully developed flow

conditions is designated as the hydrodynamic entrance length. For practical

purpose, it is usually associated with the distance from the duct entrance

that is needed to approach to within some specified percentage of the

fully developed pressure gradient.

Entrance lengths in turbulent flow are generally shorter than those in

laminar flow.

For turbulent flow in circular tubes or parallel-plate channels, the en-

trance length is usually on the order of 20 hydraulic diameters (52).

Additionally, the turbulent entrance length is only moderately affected by

the magnitude of the Reynolds number.

The experiment of ROTHFUS et al. (170) relating to the hydrodynamic en-

trance region in annuli indicated an entrance region behaviour which is

strongly at variance with that for turbulent flow in tubes and parallel-

plate channel. The entrance length infered from the annulus data appears

to be about 10 times larger than the typical tube-channel entrance length.

Moreover, the annulus entrance lengths appear to be strongly affected by

the Reynolds number over a range from 5000 to 40,000. This is in disagree-

ment with other studies.

HEIKAL, WA1KLATE and HATTON (122) investigated turbulent characteristics,

mean flow and heat-transfer parameters in the entrance region of an an-

nulus of radius ratio 0.25 and overall length/equivalent diameter ratio of

49 over a range of Reynolds number from 13,000 to 190,000. Tests were

carried out in air with and without a turbulence promoter which gave a

large enhancement of free stream turbulence at inlet.
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The results revealed that at 32 equivalent diameters there is no differ-

ence of the turbulence levels and the velocity profile has achieved its

fully developed shape. In fact, at a distance of the order of 12 equiva-

lent diameters the boundary layers on each side have interfered and the

turbulence levels do not show much change after this position. The length

required to achieve the fully developed situation seemed to be unchanged

by using a turbulence promoter.

Basing on static-pressure measurements OLSON and SPARROW (142) carried

out entrance region studies with water flowing in annuli and a circular

tube fitted with interchangeable square or rounded entrance sections.

The tests covered the Reynolds number range from 16,000 to 70,000.

Detailed determination of the local pressure gradient in the entrance re-

gion as well as that for the fully developed region has been made. The

effect of the entrance shape on the flow pattern in the entrance region

was investigated.

For the annuli, the length of duct required to approach to within 5 per-

cent of the fully developed pressure gradient was about 20 to 25 hydraulic

diameters. This is general accord with entrance length results for circu-

lar tubes and parallel-plate channels.

However, from the above discussion, it would be reasonable that the hydro-

dynamic entrance length for annulus may be taken as 20 to 30 hydraulic

diameters.

3.8. Effect of Axial Conduction

Usually, the negligible longitudinal heat-conduction term compared to ti -.

convective term is assumed to analyse the heat transfer in the entrance

region. Most of the available solutions of heat transfer in the thermal

entrance region are based on the postulate that the axial conduction is

negligible.
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The assumption of negligible axial conduction is not always valid, how-

ever, particularly for low-Prandtl-number fluids such as liquid metals.

The axial conduction can be neglected for ordinary fluids, but not for

liquid metals, if we are concerned with very low Feclet numbers and very

low x/D values.

In order to estimate the effect of longitudinal conduction on heat trans-

fer to liquid sodium we consider a specific boundary-value problem. In-

vestigate a parallel-plates system with somewhat specific conditions of

low Reynolds number and uniform velocity profiles. It is believed that,

for the purposes of examining the effects of longitudinal conduction in

liquid sodium, solutions for the cases of uniform velocity will be ade-

quate. As emphasized in Paragraph 3.1., it can be postulated that the heat

transfer to liquid sodium for lower Reynolds number is due to molecular

conduction only, the eddy diffusion contribution can be neglected.

Suppose the fluid flowing with uniform temperature and velocity distribu-

tions in a parallel-plate channel encounters suddenly a step-wise rise of

temperature at the wall of channel (t = to for X < 0, t = tw for X > 0).

The differential equation and boundary conditions for constant wall tempe-

rature can be expressed as following.

pcpu ̂  = k (^ + ̂ -*)
3X 3y2 3X2 (3.8.-1)

t(b,x) = tw for x > o (3.8.-2)

9 t - " (3.8.-3)

(3.8.-4)

(3.8.-5)

ay

t =

lim

x-*»
Make the foil.

T =

X =

y=0

to

t =

swing

t -

to -

X
b

= 0

for x = 0

tw

substitutions

tw

tw

Where b half-distance between the parallel plates.



73

Then the above equation and boundary conditions can be transformed into

dimensionless forms.

§T _ _2 (§fT + afT.
3X Pe 3Y2 3X2

 r_ R „

= 0 for X > o (3.8.-7)

Y = ±1

9 T ' = 0 (3.8.-8)
8Y Y=0

T j x = 0 = 1 (3.8.-9)

lim T = 0 (3.8-10)

The last boundary condition i.e. Equation (3.8.-10) is as a consequence of

the requirement that for large X, an equilibrium state will be attained

and the temperature of fluid will approach the temperature at the wall.

The second term of the right-side of Equation (3.8-6) represents the

longitudinal heat conduction contribution.

It is obvious that the effect of axial conduction is confined only in the

thermal entrance region, for once the temperature profile is fully esta-

blished, 9T/3X = constant, so that 32T/3X2 = 0.

Now we suppose the solution has the following form

T = g(Y)e'AX (3.8.-11)

From the condition (3.8.-10), it is obvious that A must take positive va-

lues. Substituting Equation (3.8.-11) into Equation (3.8.-6) leads to

+ (^ X + \2) g = 0
dY2 2
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Making a substitution

W2 = — \ + A2 (3.8.-12)

the above equation becomes

^ S + W2g = 0 (3.8.-13)
dY2

The general solution can be obtained as

g = A cos WY + B sin WY

Form the symmetry condition (3.8.-8), B = 0

Using the condition (3.8.-7), one has

u - (2K ~ 1)n

if ~

K 2

K = 1, 2 •

Then, we obtain the solution as following.

T . j . c o sisL^tm Y e-v
K=l * 2

From the equation (3.8-12), the eigenvalues K. can be evaluated as

A_ . - & ± 2 ^ • W2

* 4 V 16 k

Because Ay. must take positive values, so

x - £H1 + ^ R " x-»~"~ - £H (3.8.-14)
* , 16 . 4 4
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Therefore the solution can be written as

Pe2 (2K-l)27l2 Pe
« (2K-1) ( + ) X

T = 2 A,, cos 7iYe" V 16 4 4 (3.8.-15)
K=l K 2

Now evaluate the coefficient of series A...

From the initial condition (3.8.-9)

T X_Q =1

os

one has 1 = 2 A_ cos - ITY

k=l 2

(2K - 1)
Multiplying the both sxu^s with cos ITY and integrating it,

according to the orthogonality of the eigenfunction, the coefficients of

series can be evaluated as

1 (2K-l)n
/ cos YdY
-1 2

1 (2K-l)n
S cos2 YdY
-1 2

" < 2 K " » « (3.8.-16)

Finally, the temperature distribution in the entrance region of parallel-

plate channel with constant temperature at the wall is

Pe2 (2K-1)27I2 Pe
» 4 (2K - l)n + ) X

T = * (^H0i COS 2 Y e" (V 16 4 4

(3.8.-17)

Now calculate the Nusselt number.
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The bulk temperature is defined as

J-bU t d y
" b
J U d y
-b

(3.8.-18)

Substitute Equation (3.8.-17) into it, the dimensionless bulk temperature

can be evaluated as

Pe2 (2K-l)2rt2 Pe

T b- J 2
-1 k=l (2K-l)7r

2 (2K-1)7T (
cos Ye" V 16

)XdY

I
8

Pe2 (2K-l)27t2 Pe
( + ; ) X

e" V 16 4 4
k=l (2K-l)27i2

(3.8.-19)

From the condition (3.8.-7), the dimensionless temperature at the wall is

Tw = 0 . (3.8.-20)

The dimensionless equation to evaluate the Nusselt number can be expressed

3T
2 —

3Y

T -
w

Y=l

T,
b

Nu = -

The derivative of temperature at the wall can be obtained as

Pe2 (2K-l)27t2 Pe
- ( + ) X

— = 2 Z e" V 16 4 '4
3Y Y=l k=l

8T

(3.8.-21)



Finally, from the obtained Tb, Tw and ~~
A Y = 1

expressed as
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, the Nusselt number can be

Pe2 (2K-l)27l2

» ( + ) X
Z e" V 16 4
K=l

Nu = = = = = = (3.8.-22)
Pe2 (2K-l)2n2

» 2 ( + ) X
I e" V 16 A
k=l (2K-l)2n2

By employing equation (3.8.-22), the thermal entrance region local Nusselt

number has been computed for several Peclet numbers and is illustrated in

Fig. 3.8.-1. A curve corresponding to the case of no axial conduction (Pe

-> ») is also shown. As the Peclet number decreases, the local Nusselt

number tends to increase. This trend is in qualitative agreement with

HSU's results for pipe flow (25). The curves for the different Peclet

numbers eventually merge together and approach the fully established value.

It can be shown that the smaller the Peclet number, the larger the value

of X/bPe required to reach the fully established Nusselt number.

From the figure, it can be concluded that for Pe > 40, the axial conduc-

tion effect is negligible for axial distance beyond X/b = 0.3. It can be

seen that in all practical situations, the thermal entrance length is

directly proportional to the Peclet number.

Fig. 3.8.-2 and Fig. 3.8.-3 show, respectively, the separate effects of

variations in Reynolds number and Prandtl number. The greater each of

these parameters becomes, the less is the influence of axial conduction

on the Nusselt number, and more closely it approaches its asymptotic value.

However, it can be seen that the axial conduction effect on the local heat

transfer coefficient disappears long before the coefficient reaches its

asymptotic value for higher Peclet numbers. Obviously, as shown above,

there can be no axial conduction effect on the fully developed heat trans-

fer coefficients.

From Fig. 3.8-1 it is evident that, when the axial conduction is neglected,

the Nusselt numbers are low for small values of X/DePe.
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It is seen that the effect of axial conduction is particularly significant

for small values of X/DePe. The axial conduction tends to raise the fluid

temperature in the central region of the channel and lower it near the

wall. This seems to be the major cause for the increase of local Nusselt

numbers. As X/DePe becomes larger, however, the effect of axial conduction

gradually vanishes.

However, it can be concluded from the results that even at Peclet number

as 100, the logitudinal conduction effect is practically negligible for

all positions in the entrance region beyond X = 0.4 De. In other words,

the effect shows itself only in the first increment of length, even so,

it is minor in importance. In considering the range of Peclet number in-

volved, which is defined as the product of the Reynolds number and Prandtl

number, if one takes a Prandtl number of 0.005, which is about the minimum

value of liquid sodium for practical case, the Reynolds number correspon-

ding to Pe = 40 is 8000. This may be considered as nearly the minimum

Reynolds number required to characterize a stream in established turbulent

flow for practical cases. It is believed that Pe = 40 is a lower limit for

practical cases of liquid sodium in turbulent flow, and the conclusion is

that the axial conduction is not important in its effect on turbulent heat

transfer in the thermal entrance region.

POPPEDIEK et al. (14) investigated the axial conduction effect for low

Prandtl number conditions. Temperature solutions were derived for the case

where the axial conduction term was not neglected and the results were

compared to the solution for the case where axial conduction was neglected.

The comparison revealed that axial conduction was relatively uniaportant

for turbulent flow conditions. For a Prandtl number of 0.005 and the low

turbulent Reynolds number of 8000 the two Nusselt numbers for a pipe sys-

tem differed by 2.5 percent at 0.4 of a diameter from the entrance, 1.3

percent at 1 diameter from the entrance, and a still smaller percentage

at greater distance from the entrance.

HSU (25) analysed the situation in laminar flow in a pipe where the velo-

city profile is already developed when the step change in wall temperature

is imposed. A rigorous solution of this problem is obtained in terms of an

infinite eigenfunction series. He evaluated the first 12 eigenvalues and
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coefficients of the expansion. From his results, it can be concluded that,

for X/De values above unity, the effect of axial conduction on the local

heat transfer coefficient for Pe = 100 is not significant.

Finally, as a general rule it is often adopted that for values of Peclet

number greater than 100 the axial conduction is seen to be negligible. At

Peclet number less than 100, heat transfer is influenced significantly by

the axial conduction effects within the thermal entrance region X/DePe

Z 0.5.

3.9. Natural Convection Effect on Heat Transfer in the Thermal Entrance

Region.

It has been found that the natural convection and variable material pro-

perties play important roles in the heat transfer and the fluid flow in

the thermal entrance region, and as a matter of fact the classical Graetz

problem represents only a limiting case.

However, the behaviours in a horizontal duct and a vertical one are dif-

ferent.

For heating of fluids flowing in a horizontal duct, the buoyant forces

cause a circulation upward at the sides and downward at the center of the

duct. The combined effects of secondary flow and the forced main flow then

set up forward moving spirals. The consequent mixing due to secondary flow

is known to increase the heat transfer coefficient.

In contrast to the case of uniform wall heat flux boundary condition, the

free convection effect is expected to be insignificant for the case of

uniform wall temperature condition as the thermal fully developed region

is approached.

Consider a hydrodynamically and thermally developing flow in a heated

horizontal straight pipe. When the fluid flows into the pipe, the viscous

forces are confined to the thin boundary layer near the wall of the pipe.
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For a heated pipe, the secondary flow is created by the buoyancy forces

inside the thermal boundary layer. The ratio of the thicknesses of the

thermal boundary layer to the momentum boundary layer depends on the

Prandtl number. Viscous forces and heat conduction can be ignored away

from the boundary layer; the flow is isothermal and inviscid in the cen-

tral core of the pipe.

When the boundary layer develops on the wall with a secondary flow deve-

loped inside the boundary layer due to the temperature difference between

the wall and the inlet fluid, the central inviscid flow will be acce-

lerated by the displacement of the axial boundary layer toward the center

of the pipe like that in an unheated straight pipe.

Simultaneously, the displacement of the secondary boundary layer induces

an uniform, downward stream on the cross section of the pipe. The combina-

tion of the radial-direction motion with the downward one gives the stream

pattern of two developing vortices in the central core of the pipe.

The downward stream will also skew the axial velocity by accelerating it

below the center and decelerating it above the center of the pipe.

The axial velocity profile turns to accommodate the downward stream gene-

rated by the displacement of the secondary boundary layer : a favorable

pressure gradient develops along the bottom wall of the pipe; on the con-

trary, an unfavorable pressure gradient develops along the top wall of

the pipe.

This combined forced and free convection results in a heat-transfer coef-

ficient well above that predicted by the constant property analysis.

The results of HONG et al. (200) revealed that for the modified Rayleigh

number Ra* (=Pr g p q a4 /kv2) = 106, the Nusselt number in the developed

region is more than 300 percent above the constant property value, and the

entrance length is about one-tenth that for the constant property predic-

tion. The constant property solutions are demonstrated to be accurate

within 5 percent for Rayleigh number less than 103. Increasing Rayleigh

number decreases the thermal entrance length and increases the Nusselt

number. The buoyancy effect is negligible only up to a certain entry

length depending on the magnitude of the Rayleigh number.
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OU et al. (21) concluded that for Ra = 103 the free convection is prac-

tically insignificant and the maximum deviation of the Nusselt number from

Graetz theory was found to be only 0.8 percent.

This fact clearly demonstrates that Graetz theory is a limiting case and

applicable only when Re < 103.

For Ra » 103, the decrease of Nusselt number with increasing axial dis-

tance in the thermal entrance region for Graetz problem is known to be the

entrance effect due to the axial convective term only and the deviation

from Graetz theory represents the increase of Nusselt number over Graetz

theory due to free convection effect. It is clear that the entrance and

free convection effects will eventually balance out and the local minimum

Nusselt number appears at some downstream location depending on the value

of the Rayleigh number. Subsequently, the free convection effect dominates

over the entrance effect and the Nusselt number increases until the local

maximum value of Nusselt number is reached (Fig. 3.9.-1).

Besides the effects of variable density, variable viscosity is the other

most important temperature-dependent property.

A new viscosity parameter proposed by HONG et al.(195) YAT=-(l/M)(d|J/AT)AT

has been successfully employed to include the temperature dependence of

viscosity in the combined forced and free convection problem.

The analysis of HONG et al. indicated that the boundary layer thickness

decreases with increasing "yAT. Since the Nusselt number is inversely pro-

portional to the boundary layer thickness for constant Rayleigh number,

the Nusselt number increases as yAT increases. Larger the parameter Y^T,

less is the resistance to motion along the tube wall. The increased velo-

city along the tube wall creates a strong secondary flow which, in turn,

increases the heat transfer coefficient.

Finally, it must be indicated that the Prandtl number has a significant

effect on the thermohydraulic behaviours in the thermal entrance region.
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HWANG (79) investigated the convective instability in the tbenaal entrance

region of a horizontal parallel-plate channel heated from below. It was

revealed that the Prandtl number has a significant effect on stability of

the flow field in t* •• thermal entrance region.

A completely different trend was observed for the small-Prandtl-number

case as opposite to the large-Prandtl-number case. For small Prandtl num-

ber, the destabilizing effect due to the convective motion in the main

flow direction predominates over the stabilizing effect of thinner thermal

boundery layer and the flow is more unstable in the entrance region than

in the fully developed region.

The thermal entrance length for soall-Prandtl-number fluid is longer than

that for larger-Prandtl-number fluid.

As to the local Nusselt number, TAO (6) proposed the following equation to

evaluated the Nusselt number for free-forced convection in the entrance

region of a heated straight pipe.

^- = 1 + E (2Z)2 & ^ cos • + 6 (2Z)*

Nufl 9o(0) 8o(0)
(3.9.-1)

Where "0" denotes the forced convection without considering the buoyancy

forces and the interaction of the boundary-layer flow and the core flow.

Z axial distance

6 = -1

V~Re

4 angular coordinate

The values of 80(0), G[(0) . £(0) are given as following table.



83

Table 3.9.-1

Pr

0.01

1.0

8.0

10.0

eo(0)

- 0.07628

- 0.4695

- 0.9552

- 1.0295

GJCO)

- 0.0064

- 0.0467

- 0.06627

- 0.0677

g£«>)

0.5423

- 0.3856

- 1.6678

- 1.8669

The last term of Equation (3.9.-1) represents the effect of the accele-

ration of the core flow due to the displacement of the axial boundary

layer.

It must be chown that from the values given in the table 3.9.-1 the ef-

fects of the acceleration of the core flow are different for the fluid

with larger Prandtl number and that with low Prandtl number (Pr =0.01 for

liquid metals).

For the fluids with large Prandtl number the acceleration of core flow

will increase the local heat transfer. But for liquid metals, the effect

is just on the contrary.

However, the heat transfer to fluids flowing vertically along the channel

is more often encountered in nuclear reactors.

When the forced upflowing fluid is heated from the wall of channel,

buoyancy forces can modify turbulence production near the wall under

strong heating.

The modification causes the "deterioration11 phenomena. By "deterioration"

one means a large and localized reduction in the heat transfer coefficient

for a turbulent flow. The consequences are unexpected peaks appearing in

the wall temperature distribution when the heating rate is the controlled

variable.
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The sharp peaks in the axial wall temperature distribution have been at-

tributed to a reduction in turbulence production as fluid in the wall

region is accelerated by large buoyancy forces, followed by a recovery

when the wall layer is moving faster than the fluid in the core.

With internal flow in the low Reynolds number range, a slight change in

the heating rate can lead to a striking change from turbulent downstream

behaviour to laninar behaviour.

As a result of "laminarize", there is a thicker viscous sublayer than an

unheated flow at the same local Reynolds number would possess. The con-

sequence is a substantial reduction in heat transfer coefficient compared

to constant property predictions and an increase in wall temperature.

The experiments of BATES et al. (204) and PERKINS et al. (102) showed that

buoyant body foces can act to inhibit heat transfer in the predominantly

forced upflow heated gases in the low Reynolds number turbulent or lami-

na rizing range. Consequently, with a specified heating rate, design pre-

diction can underestimate the wall temperature significantly when body

forces act in the same direction as the gas flow.

KENNING et al. (106) made experiments of wall temperature along an uni-

formly heated tube during the upward flow of water at Reynolds number up

to 2.4 x 104 in a system pressurised to 5 bar to prevent boiling at the

maximum wall temperature of 140°C. It was found that the wall temperature

peaks occured when the heat flux exceeded a transition value. At a tempe-

rature peak the local heat transfer coefficient could be less than 50 %

of the predicted turbulent flow value.

At low heat flux there was a short entrance length followed by a region

of nearly constant heat transfer coefficient in satisfactory agreement

with the usually accepted turbulent flow correlation.

At higher heat fluxes, the heat transfer coefficient decreased continuously

along the tube to a minimum value before increasing again. As the heat

flux was increased, the position of this minimum moved from the down-

stream end of the test section towards the inlet and at higher flux a

second, weaker minimum appeared.
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A modest increase in flow rate caused a considerable increase in the heat

flux required to initiate temperature peaks.

As to the transition conditions HALL (110) proposed a criterion for the

deteriorating heat transfer in the presence of buoyancy forces which star-

ted from the assumption that turbulent production depends on the magni-

tude of the shear stress at the non-dimensional distance from the wall

10 < y + < 30. According to their experimental results, KENNING et al.

modified HALL's criterion and recommended the following condition for

transition to the peaking regime.

> 4.0 x 10"s ± 15 %

where
*

G

Re

Pr

G*
rB

e B rB

= g_^_a_di

Kv2

V

= k

subscript "B" refers to bulk temperature.

According to this criterion, if liquid sodium upflows in a channel of

equivalent diameter 10 mm and with a heat flux at the wall 100 W/cm2,

the corresponding Reynolds number for transition is about 2700, which is

much less than the Reynolds number employed in the heat transfer system

of fast reactor engineering. Therefore, the buoyancy force effect on

heat transfer to upflowing sodium is practically negligible.
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3.10. Influence of Radius Ratio

For the heat transfer in the thermal entrance region of annulus, the

radius ratio is a parameter which gives an influence on the heat transfer

coefficient.

Fig. 4.8.-24 shows the variation of heat transfer coefficient in the ther-

mal entrance region of annulus with constant heat flux at the wall for

different radius ratios.

The Nusselt number is plotted VS. X at various values of radius ratio for

Frandtl number of 0.006 and Reynolds number of 50000.

It is seen that the Nusselt number increases with increasing radius ratio.

However, from the figure it can be shown that the local Nusselt number is

moderately dependent upon the radius ratio.

It should be noted that as the ratio approaches unity, the Nusselt number

should approach the values for the case of flow between parallel plates.

At the other limit, as the ratio approaches infinity, one would expected

the Nusselt number to approach the values for internal flow in a circular

tube.

It can be shown that the thermal entrance length decreases with increasing

radius ratio.

Effects of the diameter ratio of annulus on the heat transfer of the an-

nular flow were investigated by CHEN et al. (166) in the laminar flow re-

gime, and by MONRAD et al. (167) in the turbulent flow regime.

The experimental results of CHIEN (94) and those of CHEN indicated that

the effect of diameter ratio on heat transfer deponds on the Reynolds

number of the flow.

CHEN et al. showed that in laminar flow the Nusselt number is proportional

to (D2/D1)0"80, while MONRAD and PELTON showed that in turbulent flow the

Nusselt number is proportional to (D2/D1)0*53.
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LEE (7) investigated the problems of thermal boundarylayer growth and

heat transfer for hydrodynamically fully developed turbulent flow in the

concentric annuli for a range of radius ratio from 1.01 to 5. The results

revealed that the effect of increasing the radius ratio was to decrease

(Nux/Nud) for a given De and Reynolds number, and also increase in the

radius ratio leads to decrease in the thermal entrance length, but to in-

crease in the Nusselt number.

The analysis of CHEN and YU (30) showed the same tendency.

QUARMBY (93) measured the turbulent heat transfer from the core tube of a

concentric horizontal annulus with the radius ratio of 2.88, 5.76 and 9.14

for a Reynolds number range of 5000 - 270,000. The variation of thermal

entry length with radius ratio have been compared with the results of HAT-

TON and QUARMBY for parallel plates (41) and those rf SPARROW, HALLMAN

and SEIGEL for plain tube (20). It have been shown that the thermal en-

trance region decreases with radius ratio and the results of parallel

plates and those of plain tube are two limiting cases of annular duct.

3.11. Influence of Circumferential Variation of Heat Flux on Heat Transfer

in the Thermal Entrance Region.

In most of cases, the heat flux at the wall is axisymmetrical.

However, the variation of heat flux around the periphery of the flow pas-

sage can produce a wall temperature variation which is very substantial in

turbulent as well as laminar flow.

This is of particular importance in a nuclear reactor, where the power

distribution across a fuel element produces a variation of heat flux

around the periphery of the flow passage.

Wall heat flux variation around the periphery of the flow channel tends

to stratify the flow, resulting in hot layers along the high flux side

and cooler layers along the low flux side.
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Estimates of wall temperature variation based en the average Nusselt num-

ber and the mixed mean fluid temperature imply a perfect circumferential

mixing of the flow.

REYNOLDS (168) showed that the effect of variable wall heat flux is quite

significant for the circular tube, even in turbulent flow.

However, when fluids flow in an annular channel, the problem is more

severe, because the situation is aggravated by the geometry itself. Since

the radial path through the center of channel is blocked for the annular

duct, mixing of fluid must primarily take place around the circumference

path.

SUTHERLAND and KAYS (187) investigated heat transfer in a concentric cir-

cular tube annulus with an arbitrarily prescribed heat flux around the

periphery of the wall. They revealed that for laminar flow of air in an

annular channel with a sinusodial heat flux distribution around the peri-

phery of ± 10 percent, the variation of wall temperature calculated with

an average heat-transfer coefficient is ± 10 percent; accounting for the

effect of peripheral heat flux variation, the variation of wall tempera-

ture is increased by five times for an annulus with a radius ratio of 0.5,

and over 200 times for a radius ratio of 0.9. Accounting for the peri-

pheral conduction in the core wall, the wall temperature variation is

still 26.3 times greater than what would have been predicted using an

average Nusselt number. For turbulent mixing the wall temperature varia-

tion is ±295 percent for an annulus with radius ratio of 0.9 and a ± 10

percent wall heat flux variation.

The long circumferential conduction path, especially as radius ratio ap-

proaches unity, suggests that the thermal entrance length necessary to

reach the fully developed thermal conditions may be very much greater than

the thermal entrance length required for symmetrical heating.

For turbulent flow of air with conduction in the wall, SUTHERLAND et al.

estimated that the minimum entrance length is about 180 hydraulic dia-

meters for radius ratio of 0.5.



89

However, because of higher heat transfer capacity of liquid sodium, there

is less resistance to circumferential mixing in the case of turbulent flow

of liquid sodium. Therefore, it can be expected that the entrance length

may be less than above values.

Finally, in the case of parallel plates unequal heating in two wall pro-

duce a similar trend. HATTON (29) studied heat transfer in the thermal

entrance region of parallel plates with unequal temperature at the wall

and heat flux for one-dimensional turbulent flow. The results showed that

the heat flux ratio of two walls has an appreciable effect on the Nusselt

number, particularly on the side of lower heat flux. There exists a

singular value on this side where the bulk and the wall temperature are

equal. The distance to reach a fully developed condition are very long.

In more familiar solutions such as the Graetz solution the fully developed

distance is much shorter than those in the unsymmetrical case.

3.12. Effects of Wetting, Oxide Film and Gas Entrainment.

Because of the high thermal conductivity of liquid metals, an important

application has been found in the nuclear reactors and other. However, the

theoretical studies are not always consistent with the experimental re-

sults. Furthermore, the experimental results are very scatter.

Many investigators have attributed the disparity to the fact that there

is a contact resistance which was measured along with the heat transfer

coefficient. The data are therefore greatly influenced by the conditions

of the tube wall.

For purpose of examining the influence of poor interfacial contact, the

condition can be represented as a series resistance of thickness 6 and

thermal conductivity k . Suppose the heat transfer areas are approximately
s

equal, the measured heat transfer coefficient can be expressed as

1 . 8 , 1

hm ks hp

where hm measured heat transfer coefficient

hp predicted heat transfer coefficient
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The Nusselt number can be evaluated as

+ 6_ kf

Nup ks D

where kf is the thermal conductivity of the heat transfer fluid

D diameter of channel

Since the thermal conductivity of sodium is very high, the importance of

having a very low value of contact resistance is evident. In order to

observe values equal to the computed values, contact resistance must be

zero or very small.

HARRISON (218) measured the heat transfer coefficient to liquid sodium in

the thermal entrance region. The sodium data were erratic below the pre-

diction. He attributed the low and erratic data to some additional thermal

resistance of variable magnitude.

There are several phenomena which may be responsible for the disparities

e.g. wetting, oxide films, gas entrainment as well as oxide content in

fluid.

However, the wetting of solid metal by a liquid metal and its effect, if

any, on heat transfer rste have become one of the most confusing and dis-

puted matters in the study of heat transfer to liquid metals.

Wetting could be cause more efficient heat transfer across solid-liquid

interface. This has been indicated in a steel-mercury system (152). How-

ever, much evidence exists which indicates that the heat transfer coef-

ficient is the same under wetting and non wetting conditions (153).

MOYER and RIEMEN (151) conducted measurements of heat transfer across a

sodium-stainless steel interface in three pieces of apparatus and con-

cluded that wetting played little part, if any, in their experiments.

WINKLER et al. (208) found sharp change in electric resistance at wetting

temperature of liquid sodium.
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Because the wetting of metal surface by liquid sodium are directly rele-

vant to the operation of the sodium-cooled fast nuclear reactors, efforts

have b;en made to study the wetting behaviours of liquid sodium.

In the sodium wetting tests presented by WINKLER et al., the electric re-

sistance across the interface was used to indicate the wetting temperature

of type 347 stainless steel, molybdenum, nickel, low carbon steel and

glass. Samples of molybdenum and nickel which previously had been wet by

sodium were subsequently wet at the melting point of sodium (208°F).

Otherwise, the wetting temperature ranged from about 284° to 632°F.

BENTLE et al. (206) determined the temperature of wetting of stainless

steel, uranium etc. and the following conclusions have been obtained.

1. Sodium and NaK wet stainless steel, uranium, thorium at abouc the

temperature.

2. Increasing surface roughness and oxidation increases wetting tempera-

ture.

3. Previous watting lowers wetting temperature.

4. The mechanism of wetting and spreading with the alkali metals is some-

what different from that of lead, bismuth and tin.

The experimental study of ADDISON et al. (205, 209) confirmed the follo-

wing assumptions about the mechanism of wetting by sodium.

(1). In the absence of any film of oxide, pure sodium would always spread

to give a zero contact angle on a pure solid metal.

(2). The changes in contact angle with time and temperature were direct

manifestations of the rate and the nature of the chemical reactions

between the liquid sodium and the oxide film.

When the solid metal is first immersed in liquid sodium, the later is in

contact with a continuous oxide film. As reduction proceeds, the propor-

tion of the surface which consists of metal rather than oxide will in-

crease and the mean value of contact angle will fall. Reduction rate vill

depend on temperature and on particular oxide present at the surface.

105
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With each metal, however, there is a characteristic temperature below

which wetting no longer occurs. The experiments of ADDISSON et al. re-

vealed that the critical wetting temperatures are 140°C for iron, 190°C

for cobalt and 195°C for nickel. Wetting occurs immediately at temperature

above 300°C.

In the experiments of heat transfer to NaK, DUCHATELLE et al. (225) found

that the wetting temperature is about 270°C to 290°C. In order to investi-

gate the effect of wetting on heat transfer coefficient, a comparison of

experiments has been made and it revealed that there is not any difference

of the results of heat transfer experiments below 220°C and that above

350°C.

Later, however, the effect of wetting has been studied again by HLAVAC et

al. (117) with turbulent flowing mercury in annulus. Experiments were con-

ducted where the mercury did not wet at all, or did thoroughly wet, the

channel walls. The effects of wetting were found to be appreciable. When

both annulus walls were unwetted, the velocity profiles were quite similar

to those of ordinary fluids. When the inner wail only was wetted, the

radius of maximum velocity moved considerably outward from what is was

when both walls were unwetted; and when both walls were wetted, the radius

of maximum velocity also moved outward, but not as far as that for the

situation where only the inner wall was wetted.

These differences in flow behaviour are reflected in the velocity profiles

and those of eddy diffusivities of momentum. Moreover, wetting was found

to have a larger influence on velocity profiles for the inner portion of

annulus.

Wetting of a wall by the mercury produces a drag force on the flowing

stream that tends to push the radius of maximum velocity farther away from

that wall.

The biggest effect of wetting occurs in the inner portion of the annulus.

It has been shown that this effect was greater than that produced by a

four-fold change in the Reynolds number.

I .
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Besides the effect of wetting, the variation of oxide content in the fluid

has been considered as a factor which may influence heat transfer in

liquid metals. KIRILLOV et al. (15M reported a decrease in the heat

transfer coefficient of approximately 20 percent for a change in oxide

content from 0.006 to 0.0025 Wt. %. But the experiments of BAKER and

SESONSKE (148) showed that the variation of oxiae content of flowing NaK

over the same concentration range had no noticeable effect on the expe-

rimental heat transfer coefficient.

MACDONALD et al. (207) attributed the wide scattering of Liquid metal heat

transfer data to gas entrainment in the fluid. They have shown that expe-

rimental evidence on both heat-transfer rates and metal-surface gas films

indicated that while nonwetting in liquid-metal systems imposes a signi-

ficant electrical resistance, the thermal resistance is negligible in non-

boiling systems.

o
Oxygen films of only 3.8.A thickness, made up of one chemisorbed atomic

oxygen layer on the metal surface, over which a layer of molecular oxygen

is adsorbed, are sufficient to prevent electrical conduction from the

potential developed by electromagnetic flow meters.

Using this thickness for a heat flux of 20 W/cm2 of transfer surface

causes the temperature drop through this oxygen film to become 0.0007°C.

Such a temperature drop would have no measurable effect on any heat trans-

fer to liquid metal work. Furhtermore any increases in effective thickness

that did occur would need to be of the order of a thousand tines greater

tban the above value before any significant effect on the temperature drop

could be observed.

As to the effect of oxide-film, using a heat flux of 20 W/cm2 through
o

an oxide film of Cr203 of 5000 A thickness raises the temperature drop to

about 0.017°C. This is also too small to have had any noticeable effect on

any liquid metal heat transfer.

With reference to gas entrainment, the presence of small amount of gas

bubbles in the common heat transfer liquids as water does not ordinarily

affect their heat transfer properties ir turbulent flow to any great ex-

tent, since such liquids depend wholly on convective or eddy transfer of

heat. In metal liquid however a significant portion of the heat is trans-
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fered by both electron and molecular conduction, which would be inhibited

by intervening gas bubbles. Evidently such gas bubble effect will be more

noticeable as the portion of heat transfered by conduction in liquid in-

creases .

Suppose the gas presents as spherical bubbles. Then, the appearent thermal

conductivity of mixture of two phases k^ can be approximately expressed

(207) as

1 - b

a s i + k
2

where kg thermal conductivity of liquid metal

b fraction by volume of gas

Then, when 7 percent of the mixture is gas, the coefficient will reduce

by 10 percent.

However if the gas presents as extended gaps, the matter is much more

serious. In that case, the appearent thermal conductivity of mixture can

be evaluated as

1 1 b
— = — +

where kg thermal conductivity of gas.

Then, .he presence of 0.1 percent of gas in the fluid would produce 40

percent reduction of thermal conductivity.

Evidently, any gas entrainment between these limits would reduce heat

transfer coefficient noticeably, depending on the geometrical form of the

entrained gas.

Therefore, from above discussion the following conclusions may be obtained.

(1). It is thought desirable, nevertheless, to have a wetting conduction

in liquid-solid interface.

(2). The gas entrainment must be carefully avoided.
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CHAPTER IV

THEORETICAL ANALYSIS OF TURBULENT HEAT TRANSFER

TO LIQUID SODIUM IN THE THERMAL ENTRANCE REGION
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In this chapter, heat transfer in the thermal entrance region of annulus

and rod bundles is studied analytically.

The method employed by SPARROW et al. for the analysis of pipe is used to

separate the solution into two parts. However, in order to diminish errors

in their analysis, in present study we use a finite difference technique

to solve the resulting eigenvalue problem.

We also develop an asymptotic solution for the initial portion of thermal

entrance region.

In the calculation, semi-empirical relations for turbulent velocity pro-

file and distribution of eddy diffusivity are used.

The calculations are made for various Reynolds numbers and Prandtl numbers.

4.1. Turbulent Energy Equation

It is assumed here that the fluid shows Newtonian behavior and that the

flow is the solution of the equations of mass conservation and of the

Navier-Stokes equations of motion, satisfying prescribed boundary and

initial conditions.

The turbulent flows form a special class of such solutions, in which the

dependent variables such as velocity, pressure, temperature and density

are not unique function of the space and time coordinates but must be

described by probability laws.

The equation of conservation of mass in cylindrical polar coordinates is

dp 8(pu) 1 8 d(f>v)
— + + (pyv) + = 0 (4.1.-1)
Bx Bx Y 3y 9e

and the heat diffusion equation is
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3T 3T 3T 3T 32T 1 3 3T 1 32T
— + u — + v — + w — = a2 [ + (Y — ) + ] (4.1.-2)
3T 3X 3y 36 3x2 Y 3Y 3Y Y2 2

k
where a2 =

Cpp

In turbulent flow these equations aust hold at any instant, but also on

the average values.

In order to investigate the behaviors of fluids in turbulent regiae, we

may set [213]

P = P + P1

u = u ->• u'

V = V + V1

w = w + w'

T = $ + T1

i.e. represent each dependent variable as a Bean plus fluctuation coa-

ponents. Where p, u, v, w, f represent aean values and p', u', v', w1 and

T' are fluctuation coaponents. Obviously, the tiae-averaging values of p",

u1, v', w1 and T1 are equal to zero.

Substitute these expressions in the equation (4.1.-1)

3(p+p') 3[(u+u') (p+p1)] 1 3 3
+ + [ r(p+p') (v+v')] + — Kw+w'Hp+p1)] = 0

3x 3x Y 3Y ae

(4.1.-3) .

Carry out average of this equation with respect to tiae

a(pV) aiGl+u'XpV)] i a = a —: =
+ + [ r(v+v')(p+p«) ] + — [(w+w'Hp+p')] = 0

3T 3X Y 3Y 3°
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Then we obtain

dp 8 ~~~~ 1 3 —~—™~ 9 ^ ~
— + — (up+d'p') + [Y(vp+v'p')] + — (wp+w'p*) = 0
8T 9x Y <*Y se

For incompressible fluid, it becomes

8u 1 3 8
— + - - (YV) + — w = 0 (4.1.-4)
8X Y 3Y 38

Because the equation of continuity uust be satisfied in any tiae, for in-

compressible fluids, from Equations (4.1.-1) and (4.1.-4), one has

8u*
+ + = 0 (4.1.-5)

8X Y 3Y 38

Now the similar procedure is applied to the equation (4.1.-2), for the

incompressible fluids, we have

3T _ 8¥ 3T1 3T 8T' m 3T 3T*
— + u — + uf + v — + v1 + w — + wf

32f 1 3T 1 3ZT
= a2 [ + - (Y—) + ] (4.1.-6)

3X2 Y <*Y Y2 38

This equation is rearranged as

8T _ 8T _ 3T _ 3T 32f 13 3T 1 32f

8t 3x 3Y 38 3X2 Y ®Y 3Y "f

3T1 3T» 3T1

- [u1 + v' — + w1 ] (4.1.-7)
3X 9Y 38
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Hence, in fact, the effect of the turbulence is determined by the last

terra of right side of Equation (4.1.-7).

Using the following relations

ia ar i
(•yT'v1) = v' * V

V 3y 3Y Y 3Y

3 3T1 3w»
— (w'T1) = w' + T'
36 36 36

3 3T' 3u'
— (u'T*) = u1 + T'
3X 3X 3X

The equation (4.1.-7) can be transformed to

3T 3T 3T 3T 32f 1 3T 1 32f
— + u — + v — + w — = a 2 [ + - (Y — ) +
3T 3X 3Y 36 3x2 Y 3Y Y2

3 1 3 3 3u' 1 3(Yv') 3W'
(u'T1) (yT'v') (w'Tf) - T1 [ + + ]

3X Y 3Y 36 3x Y aY &

(4.1.-8)

From Equation (4.1.-5), the last tern of right side of this equation is

equal to zero. Neglecting axial conduction, 32f/3x2=O.

Using the conventional boundary layer approximation that axial gradient

of turbulent quantities may be neglected relative to radial and aziauthal

gradients, for axisyanetric steady state and fully developed flow the

equation (4.1.-8) becomes
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3T 13 3T 132T 13 3
u — = a2 [ (Y — ) + ] (yv'T') (w'T1)
3X Y 3Y 3Y V2 302 Y 3Y 38

3T 1 3 3T 1 3 3T
or u — = t y(a2 v'T')] + (a2 Y 2 w'T') (4.1.-9)

3X Y 3Y 3Y Y2 30 30

Thus, the distribution of T by the mean aotior is affected by the Molecu-

lar diffusion and by the turbulence convective motions, the latter effect

being determined by the correlation between the turbulent fluctuation of

velocity and temperature u'T1 and w'T'.

In comparing the turbulence stress in the equation of Motion with the

corresponding stresses caused by viscosity effects, BOUSSINESQ assumed

that the turbulence stresses act like the viscous stresses, that is, they

are directly proportional to the velocity gradient. He introduced the

concept of a turbulence viscosity em.

3u. 3u.

u'j = em ( + )

Also, we may here formally introduce a turbulence- or eddy - transport

coefficient of heat e. . The turbulence quantities «ay be expressed in

terms of mean value gradients by using the eddy diffusivity concept.

3T
v'T1 = - e. —

h

1 3T
w'T' = - e.

h Y2 38
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Therefore, we have

3T 1 3 3T 1 3 3T
u — = [y(a2 + £.) — ]+ [(a2 + £.) — ] (4.1.-10)
3X y8y 3y y2 36 38

and for the axr.synmetrical case, it can be simplified as

3T 1 3 3T
u — = [(a2 + e.) y — ] (4.1.-11)
3x y ay 3y

where u, T refer to time-averaging values.

4.2. Turbulent Heat Transfer to Liquid Sodium in the Thermal

Entrance Regions of annulus and rod bundles.

The circular annulus is one of the more important flow passage geometries

for heat transfer system, ranking closely behind the circular tube in

engineering application.

The problem of thermal boundary layer growth has been much studied in the

entrance region of circular tubes and also on flat plates, but because of

the application to nuclear reactor channels there is a considerable tech-

nical problem when the duct is annulus.

However, heat transfer in an annulus is of interest not only because of

its direct engineering applications, but also it is of general significa-

tion. The heat transfer in a pipe and in a parallel-plate duct can be

considered as two limiting cases of an annulus with radius ratio Y2/Y1 "* °°

and Y2/Y1 = 1, respectively.

Host reactor heat transfer problems of practical interest are constrained

by both the turbulent nature of the flow and the complex channel geometry.
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To construct generalized formulas for calculation of forced convection

with arbitrary variation of heat flux is a rather difficult task. In order

to utilize the method of superposition, it is necessary to know the heat

transfer characteristics for whole entrance region.

The problem of heat transfer in rod bundles arranged in the nods of hexa-

gon or square grid arrays in the longitudinal turbulent flow with arbi-

trarily distributed heat flux along the rod length can be solved as that

for an annulus.

It has been shown [53] that for not closely packed rods (ratio of pitch-

to-diameter S/d > 1.15) the problem can be reduced to that of heat trans-

fer in an elementary annular cell.

The cell inner boundary is formed by the rod surface. The outer boundary

can be determined as following.

Fig. 4.2.-1 shows the channel arrangement. The hexagon circumscribed about

the tube represents the cross-sectional area of coolant flow assignable to

that particular tube. The dashed circle has an area equal to that of the

hexagon. The annular area between the tube and the imaginary circle is now

assumed to be the same, from a fluid dynamical standpoint, as that portion

of an annulus which extends from its inner radius to that of maximum axial

velocity. It is now assumed that all the heat leaving each tube is picked

up by the coolant flowing through the imaginary annulus around it.

It is assumed that the velocity profile and turbulent fluctuation field

did not depend on the angular coordinate and coincide with those for the

inner region of the annulus where the outer boundary is in fact the line

of maximum velocity. The analysis of SPARROW et al. [184] confirmed the

validity of this postulation for turbulent regime.

According to above assumption, we can calculate the geometrical paraaeters

for the annular cell.

Refering to Fig. 4.2.-1, for hexagonal geometry, the following equation

can be written.
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3 OA . BC = 71

Noting

and

OA = V l (|)

BC = 2 Yi (|) tg 30°

Y
one has — = 1.0501 -

Yi d

where S pitch of bundles

d diameter of fuel element

yn> radius of the maximum velocity point of equivalent

annulus

The equivalent diameter of an elementary annular cell can be evaluated as

following.

By the definition of equivalent diameter

4A
de = —

Sw

where A cross-sectional area of duct
S wetted perimeter

one has

de = 2
(Y*2-Yi2)

Yt

The boundary conditions for an elementary annular cell may be supposed as

3t

9t
9Y

= q(x)
Y=Yi

= 0
Y=Y>n

where q(x) axial distribution of heat flux at the surface of fuel element.
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With the above treatment, the problem of heat transfer in rod bundles can

be transformed to that of an annulus.

In the practical system of sodium-cooled fast breeder reactors, the hy-

drodynamic boundary layers have been completely or almost completely es-

tablished before the thermal entrance region is encountered. Therefore

we will focus attention on the case of heat transfer in the thermal en-

trance region with an established velocity field in the channel.

Now, consider heat transfer to liquid sodium flowing in a smooth, straight

annulus. According to the previous discussion, the following assumptions

are made.

(1) The fluid properties are constant.

(2) The velocity distribution is established. The mean values of the

radial velocity and angular velocity are zero.

(3) Frictional dissipation of energy is negligible.

(4) Axial diffusion of heat, both molecular and turbulent, is negligible

compared to the radial diffusion.

(5) Mean velocity in axial direction is independent of angular position.

(6) The temperature field is symmetrical about X~axis.

(7) Mean temperature at any radius does not vary with time.

(8) Effects from secondary flow patterns are negligible.

The assumption that the variations in physical properties due to tempera-

ture gradients are negligible is quite satisfactory because, for liquid

sodium, surface-to-bulk temperature differences are usually small, and

physical property values do not change greatly with temperature.

The radial transport of heat due to tubulent diffusion is accounted for

by introducing the thermal diffusivity eh.

As discussed previously, for turbulently flowing liquid sodiua, the ef-

fects of secondary flow can be neglected.

The effect of longitudinal conduction can be neglected for Pe > 100.
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The boundary conditions postulated for the annular system are

(1) Initial fluid temperature is uniform (at x = 0)-

(2) Heat flux in the inner wall is constant.

(3) Outer wall of channel is insulated.

In Fig. 4.2.-2 a schematic diagram showing the coordinate systen is given.

The fluid, moving from the lower to upper part, possesses a fully deve-

loped turbulent velocity profile and uniform temperature distribution at

x=o.

With the supposed limitations, according to Paragraph 4.1., tbe energy

equation describing the problem is

at i a at
u — = [ y (a2 + e. ) — ] (4.2.-1)
ax Y 3Y ay

k
where a2 =

pCp

u = u(y)

eh eddy diffusivity for heat transfer

The description of the problem is completed by specifying the following

boundary conditions.

t(Y, o) = to (4.2.-2)

at
-k — (Yi, X) = 1 (4.2.-3)

at
— (Y2, X) = 0 (4.2.-4)
3y

where to initial temperature, constant

q heat flux, constant

I
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Making following transformation to obtain dimensionless parameters

Y-Yi
R =

T =

B =

Z =

U =

where b =

V

Y2-Y1

t-to

qb/k

b

Yi

X

2b

u(r)

V

Y2 " Yi

average velocity

Equation (4.2.-1) becomes

Re 3T 1 3 1 V 9T
— U — = [- (— + e ) (I + BR) — ]
4 9Z 1+BR 9R V Pr a 3R

2bV
where Re =

V

Now define a dimensionless diffusivity given by

1 V
a = - (— + e. )

v Pr h

Obviously, a is a function of radial position.

Finally, we obtain a dimensionless energy equation.
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Re 3T 1 3 3T
— U — = [a (1+BR) — ] (4.2.-5)
4 32 1+BR 3R 3R

The boundary conditions (4.2.-2), (4.2.-3) and (4.2.-4) can be written as

following dimensionless form.

T (R,0) = 0 (4.2.-6)

3T
— (0, Z) = - 1 (4.2.-7)
3R

3T
— (1,Z) = 0 (4.2.-8)
3R

la order to solve the -equations the methode of separation of entry and

fully developed solutions [20] will be used.

The above given boundary conditions can be made homogeneous by subtraction

of the fully developed solutions.

.Because of the linearity of the equations involved it is permissible to

divide the solution into two parts.

For sufficient large values of Z, it is known that the local heat transfer

coefficient will approach a limiting value. Finally, the temperature pro-

files will approach some similar shape.

Therefore, we can write

T(R, Z) = <j> (R, Z) + «|J (R, Z) (4.2.-9)

where 4* (R, Z) is fully - developed temperature profile.

<J> (R, Z)is developing temperature profile which disappears at a large

distance downstream
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Due to the linearity, the both components of the dimensionless temperature

T (R, Z) satisfy the equation (4.2.-5). The equation is applicable to both

the developed profile t|i (R, Z) and the development profile 4 (R, Z) in-

dividually.

The developed component tji (R, Z) does not have to satisfy the initial

condition at Z = 0, and the development component $ (R, Z) approaches zero

as Z approaches infinite.

Then, we have two groups of differential equations.

For fully developed case, we have

Re 3I]I 1 8 8I|I
— U — = [a (1 + BR) — ]
4 dZ 1+SR 3R 3R

(4.2.-10)

3R
= - 1

R=0

For entry contribution, it can be written as

(4.2.-11)

Re 3<t> 1 3 3*
— U — = [a (1 + BR) — ]
4 3Z 1+BR 3R 3R

(4.2.-12)

3*

3R
R=0

(4.2.-13)

3$

3R

lim

Z •*

R=l

Z=0

os

0

To -

- 4"

= 0

(R,

(R,

0)

0)

(4.2.-14)

(4.2.-15)

(4.2.-16)
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It can be seen that for fully developed case the equations are not com-

plete, so the solution of equation (4.2.-10) are indeterminate.

The characteristic of the fully developed situation for uniform heat flux

case is that for all radial position R the temperature gradient with res-

pect to axial coordinate is constant i.e.

|
— = A (4.2.-17)
8Z

where A is constant

Integrating Equation (4.2.-17) leads to

«|* = AZ + 0 (R) (4.2.-18)

Now determine the coefficient A.

For fully developed case, from heat balance, the total heat flux from the

inner wall must be equal to the total transported heat by the fluid.

Then, the energy balance equation can be written as

3 Y2
— J Cpp u(r) (t-to) 2n rdr =
3X Yi

Using the dimensionless parameters, it can be transformed to the following

equation.

Pe 3 '
S U $ (l+BR) dR = 1

4 3Z °

Combining with Equation (4.2.-18), one has

Pe i
— J U (R) A (l+BR) dR = 1
4 °
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Finally, the coefficient A can be evaluated as

4
A =

Pe fh U (l+BR)dR

8

Pe (1+5)

where £ is radius ratio of annulus (Y2/Yi)-

Now for the fully developed case, the following equations can be obtained.

Re 1 d de
— AU = [(1+BR) a (R) — ] (4.2.-19)
4 1+BR dR dR

d6

dR
= - 1 (4.2.-20)

R=o

/ 8U (1+BR) dR = 0 (4.2.-21)
o

It must be shown that because the above equations are true for all deve-

loped case, no attempt is aade to satisfy the conditions at 2=0.

The solution of Equation (4.2.-19) to (4.2.-21) is straightaway.

First, the following substitutions are Bade.

Ya = 6 - 6o

dO
Yb = (1+BR) a (R) —

dR

where 6o = 6(R) |R=o
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With the above substitutions, we can transform Equation (4.2.-19) into a

system of first - order ordinary differential equations as

*" C4.2.-22)
dR (l+BR)a(R)

dYb 2U(R)Re
= (1+BR) (4.2.-23)

dR

In order to resolve Equations (4.2.-22) and (4.2.-23) initial conditions

are necessary.

From Equation (4.2.-20) one has

39 i
Yb = a(o) —

R=o 3R
R=o

Therefore, the initial conditions are

Y (o) = 0 (4.2.-24)

Yb(o) = - a(o) (4.2.-25)

Equation (4.2.-23) can be written as

2 U R e (1+BR) dR

Integrate the both sides

R 2 ReU(l+BR)
Y.(R) - Y. (o) = J dR
b b o Pe (1+5)

From this equation Y. (R) can be calculated. Substituting the obtained

Y.(R) into Equation (4.2.-22), integrate the both sides.
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R
Y(R) = //

o (l+BR)cr(R)

where the condition T (o) = 0 was used.

However, because of the complication of the eddy diffusivity and velocity

distributions in the annulus, a miaerical procedure must be used for the

integrations.

With the results of integration, the constant Go can be evaluated fro* the

condition (4.2.-21).

/ [Y (R) + 6o] U(R) (l+BR)dR = 0
0

then one has

2 1

9o = J ya u (l+BR)dR

6(R) = Y (R) + 6o
a

Finally, the fully developed diaensionless temperature distribution can

be calculated by

8Z
+ 6(R) (4.2.-26)

To carrji out the above integrations, the variation of dimensionless velo-

city U and dimensionless diffusivity a with R must be known. la our work

for fully developed flow the siae-enpirical turbulent velocity profile

and distribution of eddy diffusivity for heat transfer were used (ref. the

following paragraphs).
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Now consider the entry contribution.

Re 3$ 1 8 80
_ U _ = [(1+BR) a — ] (4.2--12)
4 8Z 1+BR 8R 8R

9R R=0
= 0 (4.2.-13)

80

8R
= 0 (4.2.-14)

R=l

|z=o = - • (R'0)

= - 6 (R) (4.2.-15)

lim 0 = 0 (4.2.-16)

Z -» »

Equation (4.2.-12) is a linear partial differential equation of parabolic

type. One can often reduce the number of dimensions by Making use of the

symmetry properties of the problem or by so-call separation of variables.

Problem with two independent variables is usually tractable.

Suppose the solution for 0 (R,Z) has the following fora.

0 (R,Z) = h(R) g(Z) (4.2.-27)

Substitute (4.2.-27) into Equation (4.2.-12).

Re dg 8 3h
— fo(l+BR) —

4 8Z 8R 8R

g hU (1+BR)

where A. is constant
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Then, for the axial component, one has

dg 4\
— = dZ
g Re

Integrating it leads to

4A.

g(Z) = C e Re (4.2.-28)

where C is function of radial coordinate R.

Because the entry contribution will disappear as axial distance approaches

infinite i.e. condition (4.2.-16) must be satisfied, the constant A. must

take positive real values.

For the radial component, the following equation is obtained.

I d dh
— [cr(l+BR) — ] = -Ah (4.2.-29)

U(1+BR) dR dR

with boundary conditions

dh

dR
= 0 (4.2.-30)

R=0

dh

dR
= 0 (4.2.-31)

R=l

Equation (4.2.-29) with its boundary conditions (4.2.-30) and (4.2.-31) is

an eigenvalue problem. Solution fitting the boundary conditions can be

found only for a discrete, through infinite, set of A values, i.e. Klt

\2> ...., A , termed characteristic values or eigenvalues. The solution of

this problem can be obtained in terms of an infinite eigenfunction series.
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Usually, the solution was truncated to a few terms [20,47] owing to the

difficulties in computing higher eigenvalues. However, the truncated

solution is significantly in error particularly at low values of Z.

To obtain higher accuracy, in our work a numerical procedure was used to

solve Equation (4.2.-29).

Using central differences with grid size AR, the finite difference equa-

tion corresponding to Equation (4.2.-29) can be written for point i as

or. (1+BR.)] (h±+1 - h.)

2 AR

[a±

2 AR

or - a. h. , + b. h. - C. h... = A h. (4.2.-32)
x i-l l i l l+l l

a± (1+BR±) + a±_1

where a. =

2 IL (l+BRi) (AR)
2

a. (1+BR.)

c. =

2 U£ (1+BR.) (AR)
2

b. =
I

t±) (AR)
2

i = 1, 2, ... ,n.
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The boundary conditions (4.2.-30) and (4.2.-31) can be written as

ho = hi

hn+1 = hn

(4.2.-33)

(4.2.-34)

From the boundary conditions, one has

- 0

b, =
! (1+BR1) + a2 (1+BR2)

2 Ui (1+BR1) (AR)2

ci =

a2 (1+BR2) + at (1+BR1)

2 Ux (1+BR1) (AR)
2

an (1+BRn) + a ^ (1+BRn-l)

and a =
n

2 U (1+BRn) (AR)2

n

a , (1+BRn-l) + a (1+BRn)
n-i n

b =
n

2 U (1+BRn) (AR)2

n

C = 0
n

Equation (4.2.-32) can be expressed in matrix form of band structure.

b i

a 2

0

0

b 2

- 3 3

0

0

-c2

b 3

-a4

0

0

-c3
b 4

0

0

0

bn-l Cn-1\

-a

•

h i

b 2

hn

=X

hi

b-2

*
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It can be abbreviated as

DH = AH

where D coefficient matrix

H eigenvector

A. eigenvalue

Then the solution of Equation (4.2.-12) can be obtained in terms of an
eigenfunction series.

n Z
. = 2 B. b... e Re
1 J 1J

(4.2.-35)

where h.. is i element of eigenvector Hj

H. =
J

nnj

the corresponding eigenvalue is Aj.

QR-method is used to calculate the eigenvalues. The matrix was initially

transformed to HESSENBERG form. Then, the QR iterations were taken.

Now the initial condition (4.2.-15) can be used to evaluated the coeffi-

cients of the series (4.2.-35).

z=o = - e<R>

Substituting (4.2.-35) into (4.2.-15), one has
n

i B. h.. = -e(R.)

(4.2.-15)

(4.2.-36)
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Because matrix D is an unsynmetrical matrix, its eigenvectors are not

orthogonal.

In order to calculate the coefficients of series, one uses transpose of
• >[

matrix. Suppose matrix D is the transposed matrix of D.

Then, for matrix D, one has

and for matrix D

»v
T

where E is the eigenvector of matrix D

Transpose both sides of Equation (4.2.-38)

(4.2.-37)

(4.2.-38)

T TEK D = V S (4.2.-39)

Multiplying both sides of Equation (4.2.-37) by E R, one has

T T

E*DH. =Y£H.

Multiplying both sides of Equation (4.2.-39) by H., one has

EK DHj = h EK Hj

(4.2.-40)

(4.2.-41)

Subtracting Equation (4.2.-41) from (4.2.-40), the following equation can

be obtained.

(X. - AR) E^ H. = 0

From this equation, we have

(4.2.-42)

hiK
h.. e.
1J 1

for j

for j=K (4.2.-43)

L_
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.th
where e.. is i element of eigenvector E..

Now, multiplying both sides of Equation (4.2.-36) by e.

e I B h.. - 6. e..
1 ik

Summing for i=l, 2,..., n

2 eik Z Bi h±i = "
i=l 1 K j=l J *J i

From the relation (4.2.-43), one has

B e h = - 2 0. e.
J !J IJ i = 1 1 I

Finally, the coefficient B. can be evaluated as
J

B. = -
J

2 e.. 6.

2 e.. h..

j = 1, 2, ..., n

Then the temperature profiles in the thermal entrance region of an annulus

can be evaluated as

T(R, Z) = <f» (R,Z) + I|J (R, Z)

j
8Z n

+ 6 (R) + I B. h.. e Re (4.2.-44)
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where the first two terms are fully developed temperature profile

h.., A. are the eigenfunction:

developing temperature profile.

h.., A. are the eigenfunctions and eigenvalues associated with the

With the obtained temperature profile, the Nusselt number can be calcu-

lated. The local heat transfer coefficient is defined as

q

h = (4.2.-45)
W D

and Nusselt number is

hDe
Nu = (4.2.-46)

k

The bulk temperature is defined as

Y2

Yi

b Y2

Yi

t. - t
b o

8Z

tu2 7t

u2 71 "

Yi

Y2

Yi

qb

k

ydy

ydy

u

u2

Pe

qb
— T2 n ydy

rt ydy

8Z

:(1+I)



L

121

= T (0, Z)

+ 6(0) + 2 B. h,. e " "Re

Finally, the Nusselt number is

hDe
Nu =

k

(4.2.-47)

6(o) + I B. h e Re
j=l J J

It is evident that as Z becomes large the fully developed Nusselt number

will be attained. From Equation (4.2.-47), the fully developed Nusselt

number is

6(o)

In our work, thirty eigenvalues have been calculated. In the following

table are shown the first ten eigenvalues \. and the values of B. hij*

135
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TABLE 4.2.-1 Values of A. and B.hj.

Y2/Y1 Re Pr K.
J

1.5 6xlO3 0.0054

1.5 104 0.0054

1.5. 4xlO4 0.0054

1.5 10s 0.0054

1.5 2xlO5 0.0054

1

2

3

4

5

1

2

3

4

5

1

2

3

4

5

1

2

3

4

5

1

2

3

4

5

2198

8184

17901

31237

47973

2135

7999

17561

30713

47265

2094

7916

17409

30480

46977

2345

8927

19465

33941

52240

3182

12187

25991

44808

68646

-0.17255

-0.053399

-0.025349

-0.014834

-0.009731

-0.17624

-0.053255

-0.025190

-0.014759

-0.009656

-0.17782

-0.052024

-0.024425

-0.014282

-0.009261

-0.15889

-0.046280

-0.022511

-0.013346

-0.008658

-0.11849

-0.03539S

-0.018908

-0.011680

-0.007652

6

7

8

9

10

6

7

8

9

10

6

7

8

9

10

6

7

8

9

10

6

7

8

9

10

67936

90866

116530

144610

174760

67037

89767

115200

143030

172930

66725

89490

115020

143020

173180

74169

99476

127880

159070

192690

97252

130310

167440

208220

252200

-0.006929

-0.005252

-0.004159

-0.003417

-0.002857

-0.006826

-0.005079

-0.003941

-0.003155

-0.002591

-0.006514

-0.004775

-0.003659

-0.002859

-0.002299

-0.006070

-0.004426

-0.003369

-0.002613

-0.002083

-0.005351

-0.003880

-0.002924

-0.002248

-0.001769
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Y2/Yi Re Pr B.hj

1.5. 5xlOs 0.0054

1.5. 5xlO4 0.0066

1.5. 5xlO4 0.0059

1.5. 5x10* 0.0054

1.5 5xlO4 0.005

6xlO3 0.0054

1

2

3

4

5

1

2

3

4

5

1

2

3

4

5

1

2

3

4

5

1

2

3

4

5

1

2

3

4

5

8051

30699

62048

103560

156190

1782

6753

14813

25902

39902

1958

7414

16280

28482

43886

2118

8021

17626

30848

47538

2263

8568

18836

32975

50821

2226

8222

17913

31228

47933

-0.048923

-0.016501

-0.011126

-0.007775

-0.005285

-0.17190

-0.050234

-0.023846

-0.014006

-0.009085

-0.17412

-0.050826

-0.024017

-0.014077

-0.009125

-0.17565

-0.051235

-0.024136

-0.014125

-0.009155

-0.17675

-0.051527

-0.024219

-0.014159

-O.OO9i7£

-0.15911

-0.051073

-0.024639

-0.014456

-0.009523

6

7

8

9

10

6

7

8

'9

10

6

7

8

9

10

6

7

8

9

10

6

7

8

9

10

6

7

8

9

10

219490

292730

374840

464750

561310

56666

75996

97680

121470

147100

62331

83597

107450

133620

161820

67522

90562

116410

144760

175310

72189

96825

124460

154770

187430

67863

90766

116390

144450

174560

-0.003671

-0.002591

-0.001867

-0.001350

-0.000974

-0.006387

-0.004674

-0.003575

-0.002786

-0.002235

-0.006413

-0.004694

-0.003590

-0.002799

-0.002246

-0.006431

-0.004707

-0.003601

-0.002808

-0.002253

-0.006444

-0.004717

-0.003609

-0.002814

-0.002258

-0.006775

-0.005131

-0.004057

-0.003324

-0.002779
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Y2/Y1 Re Pr X.
J

8.hi
J

2xlO4 0.0054

6xl04 0.0054

10s 0.0054

2xl05 0.0054

5xlO5 0.0054

5xl04 0.0075

1

2

3

4
5

1

2

3

4

5

1

2

3

4

5

1

2

3

4

5

1

2

3

4
5

1

2

3

4

5

2119

7900

17316

30290

46642

2202

8261

18063

31552

48578

2427

9134

19837

34527

53095

3391

12811

27210

46773

71557

8965

33546

67660

112500

169290

1638

6142

13397

23373

35965

-0.16611

-0.051205

-0.024381

-0.014335

-0.009385

-0.15994

-0.048301

-0.023221

-0.013696

-0.008912

-0.14561

-0.043842

-0.021753

-0.013022

-0.008491

-0.10576

-0.032359

-0.017848

-0.011257

-0.007445

-0.041807

-0.014120

-0.009963

-0.007290

-0.005068

-0.15536

-0.047137

-0.022914

-0.013605

-0.008876

6
7

8

9

10

6

7

8

9

10

6

7

8

9

10

6
7
8

9

10

6

7

8

9

10

6

7

8

9

10

66207

88744

114000

141670

171440

68967

92481

118860

147810

179000

75346

101030

129860

161510

195630

101290

135670

174270

216670

262400

237510

316430

404890

501720

605750

51043

68432

87939

109340

132410

-0.006635

-0.004909

-0.003786

-0.002991

-0.002428

-0.006264

-0.004586

-0.003503

-0.002727

-0.002182

-0.005964

-0.004355

-0.003315

-0.002572

-0.002049

-0.005229

-0.003798

-0.002862

-0.002199

-0.001728

-0.003561

-0.002515

-0.001806

-0.001295

-0.000923

-0.006250

-0.004580

-0.003501

-0.002727

-0.002184
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Y2/V1 Re Pr K.

5xlO4 0.0066

5xlO4 0.0059

5xlO4 0.0054

5xlO4 0.005

1.3 5xlO4 0.0052

5xlO4 0.0052

1

2

3

4

5

1

2

3

4

5

1

2

3

4

5

1

2

3

4

5

1

2

3

4

5

1

2

3

4

5

1826

6843

"4951

26108

40188

2002

7501

16407

28667

44138

2164

8106

17744

31016

47763

2309

8652

18949

33131

51026

2178

8269

18197

31862

49115

2389

8619

18636

32405

49778

-0.15881

-0.048131

-0.023211

-0.013722

-0.008940

-0.16111

-0.048795

-0.023406

-0.013799

-0.008983

-0.16270

-0.049255

-0.023541

-0.013852

-0.009012

-0.16384

-0.049585

-0.023637

-0.013890

-0.009033

-0.18043

-0.052034

-0.024382

-0.014236

-0.009212

-0.12266

-0.042334

-0.021411

-0.012888

-0.008512

6

7

O
ft

9

10

6

7

8

9

10

6

7

8

9

10

6

7

8

9

10

6

7

8

9

10

6

7

8

9

10

57048

76490

98299

122230

148010

62663

84025

107990

134280

162600

67816

90938

116870

145330

175980

72454

97159

124870

155280

188030

69771

93586

120300

149600

181180

70560

94535

121420

150920

182700

-0.006292

-0.004611

-0.003526

-0.002746

-0.002202

-0.006319

-0.004632

-0.003542

-0.002761

-0.002214

-0.006339

-0.004646

-0.003553

-0.002771

-0.002222

-0.006352

-0.004656

-0.003561

-0.002777

-0.002227

-0.006471

-0.004734

-0.003622

. -0.002824

-0.002267

-0.006519

-0.004441

-0.002657

-0.002130

-0.001722
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Y2/Y1 Re Pr j A.. B^h^ j \ .

1.8 5xlO4 0.06 1

2

3

4

5

1360

5067

10058

16417

24303

-0.025872

-0.009748

-0.007839

-0.006560

-0.004959

6

7

8

9

10

33706

44584

56815

70273

84832

-0.003549

-0.002419

-0.001632

-0.001079

-0.000701
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4.3. Velocity Profiles in the Annular Channel

If the velocity profile of the fluid entering a heat transfer passage is

not developed, the entrance effect will differ froa that where the velo-

city profile is fully developed at the entrance. The case of purely ther-

mal entrance effect in a concentric annuli when the fluid flow is already

fully developed at the point where heating coaaences, aay be dealt with

theoretically using seai-empirical correlations for the velocity and heat

diffusion properties of the flow.

Annular pipe flow is of interest not only because of its direct enginee-

ring applications, but also because it is a flow case which sight provide

insight into the general problem of fully developed turbulent shear flows.

The fully developed annular pipe flow exists within two regions. It in-

volves the combination of two boundary layers, each extending fora a wall

to a point of maximum velocity. Unlike the case of flow through pipes and

flow between parallel flat plates, where the point of maxima velocity is

midway between opposing walls, for annular flow the point of aaxiaua velo-

city lies nearer the core wall. In the two portions the distributions of

velocity, shear stress, and turbulent quantities Bay be quite different

from each other. The stress is not a linear function of distance froa the

wall, particularly for annuli with saall core-to-shell ratios. For flow

through pipes and flow between parallel flat plates, the shear stress dis-

tribution are essentially linear. However, the fully developed turbulent

flows in circular pipes and between parallel planes are both limiting

cases of annular pipe flow.

A most interesting feature of the study of turbulent annular flow velo-

city is the complete failure of the conventional "Universal Velocity Pro-

file" to correlate the results in the inner wall region.

Now we outline briefly the various velocity solutions for annulus.

LEVY (137) derived expressions for the velocity profiles in turbulent con-

centric annular flow. In his analysis LEVY assumed that the expression of

REICHARDT (133) for eddy diffusivity in pipe flow was applicable in a
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modified form to annular flow; the true parabolic shear stress distribu-

tion in annular flow was also used by LEVY. Finally, he obtained the

following expression for the non-dimensional velocity profile.

1 1+0 2S(1-S) 1+n 1 S(1-S)(1-3S)
U = {- In (1.5 y ) + [ ] In + -

K 1+2H2 K(1+S)(2S-1) 2 2 K(l+S)fS2+l/2(l-S)2]

l+2n2 6 In [n (I-S) + SJ 42 (l-S)S

3 K(l+S) l(l-S)2/S2-l][2(S/(l-S))2+l) K (1+S)

[tan i (VjT) " *an 1 1 (V2")]
+ C2 (4.3.-1)

[ S2 + 1/2 (1-S)2]

where U =

T
_ y4 R/Py = v

r-R 4 TR/P

v

_ Y-ym

S = -*=
R

For the flow in a smooth channel, the constant C2 is obtained by forcing

the velocity profile to go through the point U = 14.84, y = 42. This

gives

C2 = 14.84 - - 1 Q 42

I
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Equating the two velocity profiles at the plane of zero shear yields

K Tn .o _ Ro . A
Ki "V *Ri

 B

Where subscripts o,i refer to the region near the outer tube wall and that

near the core tube wall.

A = In 1.5 + In [ LS-EL -*> ] l n *
v V P (l+So)(2So-l)

1 So(l-So) (l-3So) 6 In So
+ In3 +

2 (1+So) [S 2 + 1/2 (1-So)2] 1+So 1-So So
[( )2-l] [2 (

So 1-So

So (1-So) V J
l4.84Ko-ln42

(1+So) [S 2 + 1/2 (1-So)2]
o

The term 8 is given by the above expression except for substituting R.,

TR., S. and K ± for RQ, T R o, S Q and K Q .

Finally, an iteration procedure must be taken to obtain the velocity pro-

files.

The expression (4.3.-1) is valid for both the inner and outer wall regions

with the appropriate values of K.

It is obvious that the expression derived by LEVY would aak^ the computa-

tion unnecessarily complex and involved. Therefore, BOBERTS (126) at-

tempted to simplify LEVY'S results. It has been assumed in his analysis

that the shear stress is constant across the flow section and the position

of the radius of zero shear is given by the expression suggested by LEUNG

et al. (146) for the radius of maximum velocity.
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Finally the following modified Universal Velocity Profile for the inner

region has been obtained.

"t = — 1 yt + Bi (4.3.-2)
K

Bi is found by arranging for the curve to pass through U = 13, y =22,

which is found to be the most suitable for the joining of the inner and

outer regions based upon experimental results.

The above expression is generally in agreement with the experimental re-

sults of BRIGHTON (138).

According to the experimental velocity distribution in concentric annuli

of LEE and BARROW (140) et al., LEE (7) proposed the following modified

single velocity profile to calculate turbulent heat transfer in the con-

centric annuli.

+ + v+ v+ +

U = 2.5 ln(l+0.4Y ) + 7.8[l-exp(-—)-(— )exp(-0.33Y )] (4.3.-3)
11 11

*

where Y =

Y =

*
U 2

Y 2_y 2
Z m 1

Y2

T2

V p

Y 2_Y 2

Y2

2 y* ln fa jo 5

CLUMP and KWASNOSKI (129) developed an eddy diffusivity model and used

this model to predict velocity distribution for turbulent flow of air

in annuli.
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The velocity distribution were calculated by the following simultaneous

differential equation system.

dU

= (-

Y

u2
* +

u Y y
2 2 2

(
* +
u2Y2-y2v

(4.3.-4)

dU Y2 Y
m 1

(Ym-Yi
2)(l+f)

U

-) -

* +

u Y -y

V*

(4.3.-5)

Where U+ = —

* TuU = —

y+ _ y VTW/P

£ eddy diffusivity of momentum

v molecular diffusivity

To solve these equations a relationship among eddy diffusivity, velocity

and velocity gradient is required.

Two convenient expressions derived by DEISSLER (134) have been used.

for y < 26

(4.3.-6)

for y > 26

£ = K2 (—)3 (d-2iL)
v dy+ dy+2

(4.3.-7)
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By employing Equations (4.3.-6) and (4.3.-7), one can integrate Equations

(4.3.-4) and (4.3.-5) to obtain the universal velocity distribution for

the two regions of flow. Comparison of distribution calculated by the

model with experimental data of BRIGHTON and JONES (138) showed a good

agreement.

Using equivalent tubes ROTHFUS, WALKER and WHAN (131) related the velocity

with radius through two special dimensionless parameters, U+ and Y+, which
a a

are uniquely related.

To meet the imposed constraints, it was necessary to imagine that the

inner part of the annulus carried a fluid with neither the density nor

the viscosity of the actual one.

A modified velocity parameter, U , is defined by the equation

Vt2/p (4.3.-8a)

Yand Y., a modified friction distance parameter, is defined by the equation

(4.3.-8b)

and

- I1!

_ i

2 R H
2

(M/P)

' • o J W W V T2/P
(V/Vm)

P

m n

where subscript a, P refer to annuli and pipe, respectively.

An unique U , Y correlation for smooth pipe has been used to represent

velocity distribution in annuli.

Later, ROTHFUS, SARTORY and KERMODE (130) proposed a method for predicting

velocity profiles in sooth, concentric annuli at high Reynolds number fro«

the profiles in equivalent tubes.

In order to calculate the velocity profile in annular passage, KAYS and

LEUNG (19) broke the flow area of annulus into four sections :

(1), a sublayer near the inner surface;

(2), a sublayer near the outer surface;
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(3), a fully turbulent region from the inner sublayer to the point

of maximum velocity;

(4), a fully turbulent region from the outer sublayer to the point

of maximum velocity.

The velocity profile in the sublayers was obtained by integration of the

defining equation for total apparent shear stress, assuming the shear

stress constant at the wall value. The result can not be put in a closed

form equation. The sublayers were considered to extend to t| = 42, since

it is at this point at which the sublayer velocity matches the fully tur-

bulent region velocity.

The velocity equation used for the outer turbulent region is

UQ = 2.5. In Ho + 5-5 (4.3.-9)

where U+ = tyjx/p

Ho" = 1.5 yo (l+no)/d+2n§)

yo = y V t/p/v

Ho = (S-V)/(S-Yo)

y radial coordinate of annulus geometry measured from surface
1 S radius of maximum axial velocity

suscript 0 refers to outer region

The corresponding velocity equation for the inner region is

U+ = ^ ln f]+t + C± (4.3.-10)

Ki

where subscript i refer to inner region

K. and C. are variable coefficient chosen so that at all times

1 X

the velocity at the maximum velocity point matches the velocity

equation from the outer surface and, simultaneously, the velo-

city profile matches the sublayer velocity at t\. = 42.

L
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However, the two velocity profile equations are not derivable from the

diffusivity equations, but do fit the experimental data relatively well.

Equation (4.3.-9) is the NIKURADSE equation with the REICHARDT middle

law modification (133). Equation (4.3.-10) is simply an empirical modi-

fication to fit the experimental data.

In present study, the procedure of GRABER (147) was used to derive the

velocity profiles in an annular channel.

Since the position of the point of maximum velocity is not midway between

the walls of the annulus, the velocity distribution is not symmetrical. It

is convenient to divide the velocity profile into an outer portion and an

inner portion.

First, the radius y = ym where the derivative of velocity du/dr = 0 is

designated as "center" of the channel. The outer portion extends from the

outer wall to the point of maximum velocity, and the inner portion extends

from the point of maximum velocity to the inner wall.

In dealing with quantities in the annulus, the subscript 1 refers to

quantities at the inner wall or in inner portion of the velocity profile

(ri < V < Y111)> and the subscript 2 refers to quantities at the outer wall

or in the outer portion of the profile (ym < y < y 2).

The shear stress on the fluid at any radius V is

T = - u. 22 (4.3.-11)
e f 9y

Then, it is concluded that at the point of maximum velocity y = ym, the

shear stress is equal to zero t = 0 .

Referring to Fig. 4.3.-1, for the fully developed flow, the pressure gra-

dient is uniformly distributed across the cross-section.

Then, from the force balance, the following equations can be written
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for outer portion

v2 - v2 dp
T = = ( )

2Y dX

for inner portion

2IT/T = T1(Y2 -

y2.Y2 d P

T = -= (—)
2y dX

The equation of shear stress nay be obtained as

wi 'i 'm *

where subscript i refers to inner portion for i = 1, and to outer

portion for i = 2.

subscript w refers to wall

The above equation is valid both for laminar flow or turbulent flow be-

cause it is derived from force balance and is independent of the flow

regime.

Now we introduce a dimensionless distance form "center" :

-ym

Then the equation (4.3.-12) can be expressed as

[ 1 + ^ ] Z* (4.3.-13)
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For two portions of annular duct, the eddy diffusivity of momentum may be

supposed as following (133, 147).

for 0 < r\± < n s i

- I th» (4.3.-14)

for

(0.5 (4.3.-15)

where r) dimensionless distance from the wall

u+y

U. friction velocity

/ xwi

y distance from the wall of tube

na = 7.15

3£ = 0.4

(Yn -

(Y2 "

If the transfer of momentum is divided into two parts : molecular movement

and eddy exchange, the total shear stress I on fluid can be considered to

be composed of a molecular and a turbulent shear stress.

T = T + X
m x

= t
1

xm
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Where subscripts m, t refer to molecular, turbulent parts, respecti-

vely

The molecular portion is given by

The turbulent portion is given by

where e eddy diffusivity of momentum
in
u viscocity

y distance from the wall of tube

Then the following relation can be obtained

22 = I* = _ x _ _ x (4.3.-16)

v xm p(—)
dy

According to the definition of Z , nm, therefore, the following relation

may be written.

u+
= ^ (4.3.-17)

dZ+ (1 + S)/n
v

Now beginning from the distribution of shear stress X/xw given by the

equation (4.3.-13) and the distribution of eddy diffusivity of momentum

em/v given by the equations (4.3.-14) and (4.3.-15), the velocity field

can be calculated by integrating the equation (4.3.-17)

In the zones where the law of diffusivity near the wall is valid, which

is justified up to the intersection with the law of core, the inner por-

tion of an annular channel can be divided into two sections.

(1), 0 < Hi < 15, the constant shear stress approximation t = T may

be used
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(2), 15 < Hi < Hoii the above approximation is no longer valid be-

cause of the quick decreasing of shear stress with the in-

creasing distance from the wall.

Finally, the following velocity distributions have been obtained.

(1) Hi < 15 (or r)2
 < 1 2 f° r outer portion)

Introducing the law near the wall

em r|
— = B* [ n - n th (—) ]
v %

the approximated solution of the integration of (4.3.-17) is

n n i^n
U 1 e"
— = — In (l+3£ n) + Ci (1-e" n n ) (4.3.-18)
U 3£ n n

where BS. =0.4

bx = 0.33

Cj = 7.8

(2), 15 < Hi < 1 s l

The equation (4.3.-14) is farther approximately expressed as

(—). = 3£ (n. - 9.53)

From equation (4.3.-13) and (4.3.-17), the velocity distribution in this

region is

T IT 1 *~'l 1 1 + +

JlMa] - 1 Ia(ab-2)ln + - In + (ab-l)(Zi - Z p ]
U+ 3£(HJC5)(ab-l) a-Z* b 1-bZ*

^i (4.3.-19)
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where

1
9.53

82
a = 1 +

1ml

z + = i - nV

^ = 10.59
U

- 1 - 3 1

1 k = 1 5

(3), For the core of the channel, the Molecular viscosity is negli-

gible, from the equations (4.3.-13), (4.3.-15) and (4.3.-17),

the velocity distribution nay be calculated as

vul „. 3 — „• .• — —
n 2 zt z. + I+(V-/Y - D Z *

J d (—) J ~ dZ.
. UT ym 0 (0.5+ZT) (1-zT2) x

UT x 8 £ ( H ) x xUmi/UT

The solution is

V-Um nm 1+zT
[—=-] = Un (1-Zp + In ^2+ a-.lnU+Z*) + a..ln(l+2Z*2)
U+ i as. x 1+2Z* li i 2i i

•y.

+ a ln(l-(l-^)Z*) + » arctg (V2Z*)] (4.3.-20)

where
2 (1-y^ym)
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L_

a2i =

(2-Y./Y>n)

a3i = "

a4i =

^ i [2 +

2 V2 (1-Y./Y») Vj/

[2 + (1-Yi/Vm)2]

For the purpose of numerical calculation the above equation can be ap-

proximated by a more simple form.

U
— = a In r| + C (4.3.-21)
__T O O

u

Fig. 4.3.-3 shows a comparison of heat transfer calculated using the equa-

tions (4.3.-20) and (4.3.-21) in which the coefficients were taken from

[19]. It can be seen that the results are in good agreement.

However, the analysis of LYKOUDIS et al. [164] has shown that with the

Prandtl number very close to zero the temperature profiles should depend

very little on the velocity profile.

In our work the equations (4.3.-IS) and (4.3.-19) were used to calculate

the velocity profiles near the wall, and the logarithmic law of (4.3.-21)

was used to evaluated the velocity profile in the core of channel.

4.4. Eddy Diffusivities

It is known that in turbulent regime, a part of heat transfer is realized

by the mechanism of eddy exchange of fluid.

Consider a simplified case. Assume that an eddy originated within a fluid

layer I at a distance Y from the wall where it has the time average tem-

perature tj. As the eddy leaves layer I it travels a certain distance

along an undefined path, essentially maintaining its identity, and finally
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begins its complete turbulent disintegration within a layer II at a dis-

tance y+L from the wall, where L is the mixing length.

After a time interval, the eddy begins its final stage of disintegration

during which it loses its identity and gives up all of its remaining ther-

mal energy by the mechanism of turbulent heat transfer.

In turbulent flow, the eddy diffusivity of heat is customarily related

with the eddy diffusivity of momentum by following equation.

e. = »|) em (4.4.-1)

where e. eddy diffusivity of heat

em eddy diffusivity of momentum

Obviously, if no heat is lost by conduction from the eddy during the time

interval between the moment the eddy leaves layer I and the moment it

starts its turbulent disintegration, «|» will be equal to unity. This con-

dition is approached only in the case of fluids having low thermal con-

ductivities .

As to the distribution of turbulent diffusivity of momentum transfer in

concentric annulus, the experiments revealed [141] that for any given flow

condition, the cross-sectional distribution of the eddy diffusivity dis-

plays two maxima, one for the inner velocity profile and the other for the

outer velocity profile. In general, the maximum associated with the outer

profile is greater than that associated with the inner profile. This asym-

metry is accentuated as the diameter ratio dl/d2 decreases and as the

Reynolds number increases. Furthermore, the general level of the eddy dif-

fusivity is markedly increased with increasing Reynolds number.

The values of em are obtained from the defining equation.

T dU
= [v+em] —

P dY

which states that em is indeterminate at the radial point of maximum velo-

city.
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The derivative of velocity is difficult to determine in the central por-

tion of the channel for two reasons : the shape of the velocity profile

curve is somewhat uncertain, and the values of t and du/dy are relatively

low and therefore more subject to error.

However, the shape of em in the central portion of the channel only signi-

ficantly affects the heat transfer coefficient when the slope of the ten-

perature curve through that portion is appreciable.

Now we briefly outline several relations of eddy diffusivity of momentum

in annulus.

KAYS and LEUNG [19] broke the flow area into four section (see Paragraph

4.3.) and the following momentum eddy diffusivity were proposed for vari-

ous sections.

For both sublayers, the following relation can be used to calculate the

eddy diffusivity of momentum.

em
— = mu r\ [l-exp(-mu r\.)]
\m J J J J

where m = 0.0154

n+ = 1.5

T.

y. radial distance measured from surface j
J

The momentum eddy diffusivity equation for the region between the outer

sublayer and the point of maximum velocity is

L
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em SW 2 2 2

d-n0) d+2no) [i+o-6 (no-no)]

where S = S/yo
S radius of maximum axial velocity

subscript o refers to outer portion

The corresponding equation for the region from the point of maximum velo-

city to the inner sublayer is

em (1-SW 2 2 * 2~ S - y '
— = s O-n.) (l+2n.) [1+0.6 V (Y ) (1 , -1 , ) ] f l — ^ —1
v 15 x x VCx ) (1-S)

*
where V annulus radius ratio Y-/Y* x °

T surface shear stress ratio

The above turbulent diffusivity equations are essentially a modification

of the diffusivity expression proposed by REICHARDT [133].

Basing upon REICHARDT1s expression for the eddy diffusivity of momentum

for both sides of the plane of zero shear, LEVY [137] used the following

relation to derive the velocity profile in a smooth annulus.

em K VtR/p Y"Ym Y"Y»
— = - (R-ym) [1- ( ) 2 ] [1+2 ( )2]
V 6 ' v R-ym R-Y»

where R radius of the wall of annulus

By the definition of eddy diffusivity for momentum, LEE [7] developed the

following expression of eddy diffusivity of momentum from the velocity

profile.

em

— = [T(Y)/<i>i(Y ) • * (Y )]-l
v

L_
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where

+ + +
+ ( ) -exp(-0.33Y) + 0.33Y exp(-0.33Y

1+0.4Y 11 11

Y2 - Y* +2 +2 +2 Y 2
+ 0.5

C p ) - Y2 + Y + 2 V In (—) ]
Y Y

.+ ._.*

/v
Y = YU 2

2

Y2~Ym YI'Y"1 Y2 0.5

Y2 Y2 Y

+ *
Y = Y U 2 / V

The following eddy diffusivity mode was developed by CLUMP and KWASNOSKI

[129] to predict velocity distribution.

for y+ < 26

for y > 26

e dU+ d2U+

- = K2 (_-j.)3/(__s)2
v dy dy

The solution can be obtained by solving simultaneously a system of diffe-

rential equation of velocity.

In our work, the distribution of eddy diffusivity of momentum were derived

from the relation of REICHARDT [133,147].

The REICHARDT's expression for eddy diffusivity of momentum can be written

as following.
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For the zones near the wall

— = a& n [ th (—) - - th3 (—)] (4.4.-2)
V % % 3 la

where r| = 7.15
3

d2 = 0.4

u+y

v

y distance from the wall

For the core of the channel

em 32. 2 +2
= — (0.5 + Z ) (1-Z ) (4.4.-3)

+ d u

where Z dimensionless distance from the point — = 0
dy

This is valid for tubes, parallel-plate ducts and annular channels in the

zone ym < y S Y2 UP t o intersection with the law defined by the equation

(4.4.-2). For the portion ym > y > Yi> the equation (4.4.-3) must be mul-

tiplied by a factor f in order to fit the value of outer portion at y=ym.

According the definitions of n 1 and 1 2

"i (ym - Yi)

"2 (Y2-Ym)
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, + / wi
where u. = V

P

and the relation

" (Y1/Y2)2

V "2 (Y1/Y2) [l-(Ym/Y2)
2]

the factor can be written as

f — V
V

ym

^2

1 -

Yi

Y2

ym

Y2 V

ym
( Y I ) 2 "
Yi

Y2

V l 2(Y2°2

ym
L-(—)2]

Y2

The law in the core of annular channel may be written as

em B9. 2 +2
( ) f = (0.5+Z* ) (1-Z* )
vr) r\ .

Finally, the following relations were used to evaluate the distribution of

eddy diffusivity of momentum in the annulus

for o < n. < n .
- 'i - 'si

e m r|. (\. 1 r\.
(—). = dz n [— - th— — th3 — ]
v x a n 0 3 n

a a a

n . < n. < n .
'si - 'i - 'mi

em 3£r) 2
m +2 +2

(—). = (0.5+Z* ) (1-Z, )
V L 3 1 1

where r\ dimensionless distance of the point where the law near the
s

wall and that of the core intersect.
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However, it must be noticed that eddy-transport effects often predominate

over molecular conduction in ordinary fluids; but, in the case of liquid

sodium this transport has been found to be less important. Molecular con-

duction remains the chief mechanism of heat transfer at the low end of

the turbulent regime, because the eddies appear to lose essentially all

of their heat while in transport. Even when the Reynolds number reaches

700,000, an appreciable fraction of the total heat transfer may still be

due to molecular conduction. As a result of high thermal conductivity of

liquid sodium, it is necessary to retain the molecular conduction con-

tribution in considering the core analysis.

The following table shows a comparison of Pr 1 and —for a series of

Prandtl and Reynolds numbers for a pipe system [16].

£H
TABLE A.4.-1 Comparison of Pr x and — for liquid metals

flowing in a pipe V

Pr

0.01

Re

Pr"1

100

200

1000

= 5,000

£H

mean
V

7

7

7

Re

Pr"1

100

200

1000

= 10

£H
(—

V

,000

mean

13

13

13

Re

Pr"1

200

1000

= 50,000

£H

mean
V

56

56

161
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The following table shows a comparison of Pr 1 and £u/v for various posi-
ii

tions of an annular duct obtained from present work.

TABLE 4.2.-2 Comparison of Pr"1 and su/v
il

for various positions in annular duct

y-vi

Y2-Y1

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Re = 5,000

Pr"1 eH/v

167 2.72

6.95

7.69

7.68

7.64

7.66

7.70

7.69

3.40

Re =

Pr"1

167

10,000

eH/v

8.3

13.3

12.6

11.9

11.9

12.8

13.4

12.7

8.5

Re =

Pr"1

167

100,000

sH/v

77.2

104.8

100.9

93.9

94.0

99.3

105.1

103.8

81.6

4.5. Ratio of the Eddy Diffusivity for Heat Transfer to the Eddy Diffusi-

vity for Momentum Transfer

Reynolds first suggested that the ratio 4* is equal to unity, a statement

of the idea that heat and momentum are transfered by the same mechanism.

In fact, only when no heat is lost by conduction from eddy during the time

interval of travel, 41 will be equal to unity.

Actually, to simplify calculations ratio V = eh/em is taken to be unity in

most works. However, experimental investigation has shown that eh/Em is

different from unity.

162
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The ratio t|> is a function not only of the Reynolds number and Frandtl num-

ber, but of the position in the cross section of the pipe. However, in the

sublayers the ratio can be taken as unity.

Experiments revealed that the ratio will approach unity as turbulence

increases, and should decrease with decreasing Prandtl number.

BROWN et al. (155) experimentally investigated the velocity and tempera-

ture distributions, together with the corresponding eddy diffusivity with

turbulent flowing mercury in a pipe over a range of Reynolds number of

from approximately 250,000 to 800,000.

The diffusivity ratio was found to be reasonably constant over the radius

except in the vicinity of the wall. The diffusivity was also found to vary

with the Reynolds nu&.aer, tending to increase in magnitude with an in-

crease in the value of the Reynolds number.

The obtained results revealed that for mercury, the ratio of eddy diffu-

sivity for heat transfer to that for momentum transfer at the mean radius

was between 0.7 for the lower Reynolds number and 0.9 for the higher Rey-

nolds number.

FUCHS (150) measured temperature profiles in sodium flowing in a pipe over

a range of Reynolds number of from 3,700 to 141,000. The results revealed

that the same tendency exists in liquid sodium, and the ratio ¥ at the

mean radius varies frorc 0.4 for low Reynolds numbers to 0.7 for higher

Reynolds numbers.

As to the evaluation of the ratio of eddy diffusivity for heat transfer to

that for momentum transfer, the expression of DWYER (163) and that of

BUYCO (169) are applicable to liquid metals.

The expression of DWYER is

0.2
2.0

PY
I|I = l ( 4 . 5 - 1 )

e 0.9
(JS)
v



The expression of BUYCO is

= — Pr — {1.1-exp [-
—2

( 4.5-2 )

Finally, it must be noticed that for liquid sodium the net effect of <J) is

only of second order due to the relative importance of molecular conduc-

tion. Fig. 4.5.-1 shows a comparison of the results obtained using dif-

ferent values of tj>. It can be seen that the effect of the values of ratio

4» is less important in the thermal entrance region. The difference of

local Nusselt number calculated by two expression of I|I is less than 1

percent.

In our work, the expression of BUYCO has been used.

4.6. Radius of Maximum Local Velocity Point

The shear stress and velocity distribution in fully developed pipe flow

are well defined, but in the annulus geometry there is some uncertainty

regarding the positions of the radius of maximum velocity and zero shear.

The exact location of the maximum velocity for turbulent annular flow is

under disagreement for different investigators.

ROTHFUS et al. (131) measured the fluid friction and velocity distribu-

tions in two smooth, concentric annuli. They observed that the radius

of maximum local fluid velocity y n attained the same value in fully tur-

bulent flow as that predicted from theory for fully viscous flow, namely

Y2 =

2 2
Y2 - Yi

Y2

In (—)s

Yi

(4.6.-1)

In other experiments, WALKER and ROTHFUS (145) determined the profiles of

local velocities in a smooth, concentric annulus having a radius ratio of

0.331. The test fluid was water at room temperature flowing steady at Rey-

nolds number in the viscous, transition, and lower turbulent ranges. The
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results revealed that the radius of maximum velocity appears to shift

toward the core in the lower transition zose and then to reverse its di-

rection upon increase in the Reynolds number. Moreover, they suggested

that the observed shifting of the radius of maximum velocity mist be a

function of the radius ratio of the annulus.

SMITH, LAWN and HAMLIN (136)measured the shear stress of inner surface of

an annulus with a floating element and they were able to show the radius

of zero shear obtained by this method agreed with that obtained by hot

wires. There was a significant difference between the radius of maximum

velocity and the radius of zero shear for the annulus radius ratio of

0.088.

Later, BRIGHTON and JONES (138) measured the velocity distribution and the

location of maximum velocity for annular pipes with diameter ratios from

0.0625 to 0.562 and with Reynolds numbers from 46,000 to 327,000. They

suggested that the location of the point of maximum velocity for turbulent

flow is nearer the inner pipe wall than for laminar flow, with the loca-

tion being a function of the Reynolds number and the diameter ratio of

annulus. They also showed that there was negligible difference between the

radius of zero shear and that of maximum velocity.

The analysis of LEVY (137) revealed that the radius of the plane of zero

shear is definitely less than that for laminar flow. It is also concluded

that the position of the plane of zero shear is not very sensitive to the

value of Reynolds' number.

Moreover, it must be shown that the point of maximum velocity for fluid

with heat being transfered through the wall of annulus is a little dif-

ferent from that for isothermal flow. The experimental data of KNUDSEN and

KATZ (135, 211) with water revealed that the point of maximum velocity is

shifted somewhat for the nonisothermal profile. This is due to the fact

that there is a radial temperature gradient in the fluid. The high tem-

perature near the wall causes a reduction in the viscosity of the fluid,

and the layers of fluid flow at a greater velocity. However, for the case

of liquid sodium, because the temperature variation is more uniformly

spreaded in the channel, it can be expected that this effect is less im-

portant than that for ordinary fluid.
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As to the relation between the plane of zero shear and that of maximum

velocity, the following relation between the shear stress and velocity

gra dient on the time-average basis can be written.

dU
t = - (Ma + ufi) -

dr

where p molecular viscosity

fj eddy viscosity

The eddy viscosity (J is taken to be a parameter accounting for nonlaainar
e

stress. If p is to be zero or positive, the radius of zero shear y •

must also be the radius of maximum velocity. The experiments of BRIGHTON

and JONES (138) have confirmed it.

BRIGHTON et al. used the curves of velocity-gradient distribution for es-

tablishing the location of the point of maximum velocity. This method is

much more accurate than determing yn from the velocity distribution curves.

The results revealed that within the accuracy of the experimental results,

the zero stress and maximum velocity occur at the same position.

Prediction of velocity distributions and heat transfer in annuli by QUARM-

BY and ANAND (23), and KAYS and LEUNG (19) showed good agreement with ex-

periments. In both cases the radius of zero shear was assumed the same as

that of maximum velocity.

In order to evaluate the radius of maximum velocity, empirical relation

must be employed.

CLUMP and KWASNOSKI (129) determined the location of maximum velocity with

the equations which were obtained fora standard polynomial curve-fitting

techniques applied to the data of BRIGHTON and JONES. The expressions ob-

tained relate the radius of maximum velocity to the ratio of radius of

inner wall to that of outer wall as following.



153

For radius ratios between 0.0625 and 1

Y2-Y1 Vi „ Yi Yi
Y = Yi + ( ) [1.08 (—) 3 - 2.20 (—) 2 + 1.65 (—) + 0.48] (4.6.-2)

2 Y2 Y2 Y2

For radius ratio less than 0.0625

ym = Vl + 18.1 (v2 " Yi) — (4.6.-3)
Yi

Y2

However, because of the complication of above equations, they recoaweded

the equation of ROTHFUS et al. [130] in place of the above aore compli-

cated equations.

ROTHFUS, SARTORY and KERMODE suggested that in higher turbulent range the

maximum point is almost independent of the Reynolds number but the radius

of maximum velocity is considerably less than the laninar value. The

radius of the point of maximum velocity can be evaluated by following

equation.

2(Ym-Yx) Ya °-20

= (—) (4.6.-4)
(Y2 " Yi) Y2

This equation fits the data of BRIGHTON and JOKES very well for annuli

with radius ratios to 0.0625. From their experimental work, ROTHEUS et al.

showed that its application can be extended to radius ratio as low as

0.026.

Finally, in our analysis, it is assumed that the zero shear stress occurs

at the radius of maximum velocity and the displacement of the radius of

maximum velocity in fully developed flow due to heat transfer is also

assumed negligible.

The correlation (4.6.-4) was used to calculate the radius of naxinum velo-

city point in our study.
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4.7. Friction Velocity

With the determined radius of zero shear stress point, which is assumed to-

be the same with the maximum velocity radius, the friction velocity can be

evaluated.

Considering the incompressible flow in the annulus, according to Fig.4.3.-1

-7i(rm2 - y2) dP = T2nydx (4.7.-1)

for the entire cross section of the inner part, the force balance is

-n (ym2 - Y i) dP = iwl 2TIYI dx (4.7.-2)

Dividing Equation (4.7.-1) by (4.7.-2), we obtain

X Yn - Y
2 Yi

— (4.7.-3)
2 2

V Ym " Y i Y

The force balance in the outer portion of the annulus is

2
-n (r2 - y )dP = T27ty dx (4.7.-4)

for the entire cross section of the outer portion

2 2 ,, -, --w

-n (r2 - Y ) dP = T 2
2nY2 dx (4.7.-5)

Dividing Equation (4.7.-4) by (4.7.-5), we obtain

t Y_ " Y2 Y2

= -£ a- . — (4.7.-6)
V YB - Y2 Y

The ratio of shear stresses at the inner wall and at the outer wall of the

annulus is given by following relation.

V Yi (Y2 - Y,,,)

i
i

I
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Now we evaluate the shear stress at the walls of annulus.

When the fluid flows in a duct, the shear stress is

pV2
Tw= f —

2 g

where f is Fanning friction factor for flow in circular tube

g 0 dP
f = ( )

2pV2 dX

For the noncircular conduit, it may be written as

A
g (4 -)

S dP
f = (- —)

2 pV2 dX

where A cross-sectional area of duct

S wetted perimeter

The equivalent diameter of an annulus is

4.- (Dl - Df)

D =
ee n (Dx + D2)

Then, the friction factor may be defined for annulus as

g (D2 - Dj) dP
f = ( ) (4.7.-8)

2 dX

The average friction factor for the annular space is only a function of

Reynolds number and is calculated as [212].

fav " °'055 - 7 T



156

For annulus, one can define inner- and outer-wall friction factors. The

inner- and outer-wall friction factors are, respectively

(4.7.-10)
pV2

f2 = (4.7.-11)
pV2

From Equations (4.7.-2) and (4.7.-5), one has

Ym2 - Yi2 dP
Tx = ( ) (4.7.-12)

Y 2
2 - -ym2 dP

T2 - ( ) (4.7.-13)
2 Y2 dx

Combining Equations (4.7.-10) and (4.7.-12)

(ym2 - Yi2)g dP

dX

Combining Equations (4.7.-11) and (4.7.-13)

(yf - ym2)g dP
f2 = ( . _ )

y2pV
2 dX

Comparing these with Equation (4.7.-8), the local friction factor for the

inner wall of annulus is

and for

12

ym2 - YJ 2

— r
aV Yi (Y2-Y1)

the outer wall

Y22 ~ Ym2

3V Y2 (Y2 " Yi)
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The shear stress by the

pV2

T
wl

 = fl
2g

(ym2 -

3 V Yi (Y. "

and for outer wall

pV2

w 2 2 2g

(Y22 " Ym:

— rfav

inner

Yi2)

Yi)

•

wall is

pV2

2g

pV2

Y2 (Y2 - Yi) 2g

Then, the friction velocities are

(ym2 - Y l
2) V2

fav

and u2 =

2 Yi (Y2 " Yi)

fav
(Y22 " Ym2) V2

2 Y2 (Y2 " Yi)

This dimensionless distances are

n2 = —
v
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4.8. Analytical Results of Heat Transfer in the Thermal Entrance Region

of Annulus

The analytical results of turbulent heat transfer to liquid sodium in the

thermal entrance region of annulus are presented in Fig. 4.8.-1 to Fig.

4.8.-24. The axial distance is expressed in equivalent diameters. The heat

flux is 100 W/cm2.

In Fig. 4.8.-1, Fig. 4.8.-2 and Fig.4.8.-13, Fig..4.8.-14, the variations

of local Nusselt number with the Reynolds number are shown for Pr=0.0054

and radius ratios of 1.5 and 2 respectively. Fig.4.8.-4 to Fig.4.8.-12

and Fig.4.8.-16 to Fig.4.8.20 illustrate the corresponding temperature

profiles.

It can be seen that the thermal development effect is heavily dependent

upon the Reynolds number for liquid sodium. It increases with increasing

Reynolds number. In Fig.4.8.-3 and Fig.4.8.-15, the variation of local

Nusselt number is presented in the form of Nux/Nud. From the figures, it

can be seen that the variation of the values of Nux/Nud demonstrates a

variegated manner. First, the value of Nux/Nud increases with increasing

Reynolds number, then a contrary tendency can be remarked i.e. with fur-

ther increasing Reynolds number, the values of Nux/Nud decreases. This is

qualitatively in agreement with the results of DEISSLER et al. for the

thermal entrance region of pipe [87].

At low Reynolds number, the eddy conduction is negligible and the heat

transfer coefficient depends primarily on the boundary layer thickness,

which tends to increase the Nusselt number as the Reynolds number is

increased. On other hand, at high Reynolds numbers, the eddy contribution

in the entrance region may be less than that for fully developed one,

which tends to decrease the Nux/Nud values. It is these opposing influ-

ences, which account for the variation manner of Nux/Nud values.

In Fig.4.8.-21, the variation of thermal entrance length is shown as a

function of the Reynolds number. It can be seen that the thermal entrance

length first increases with increasing Reynolds number and attains a

maximum, then, at higher Reynolds number, the thermal entrance length

begins to decrease.

I!

L
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Fig.4.8.-22 and Fig.4.8.-23 illustrate the effect of Prandtl number on

beat transfer in the thermal entrance region. It can be seen that the

local Nusselt number increases with increasing Prandtl number in the

studied range. However, in the range of variation of the Prandtl number

for liquid sodium in the practical cases, the Prandtl number only have

minor influence on heat transfer coefficient.

Fig. 4.8.-24 shows the variation of local Nusselt number as a function of

radius ratio. The local Nusselt number is moderately dependent upon the

radius ratio. However, the Nusselt number increases with increasing radius

ratio.

In Fig.4.8.-25 a comparison of temperature profiles calculated with pre-

sent method and with code BALTA [83] is presented. A good agreement can

be seen.

Fig.4.8.-26 shows a comparison of the asymptotic values of Nusselt number

calculated in present study with the experimental results by BAKER et al.

[148], ROBIN [158] and analytical results of DWYER [163]. The results are

generally in agreement. However, one of the experimental curves falls

about 10% above the others, while the others agree well. In the figure,

the experimental results of SUBBOTIN et al. for Y2/Y1 = 1-05-1.09 [222]

are shown together.

In the following tables are given the hypotheses and semi-empirical rela-

tions employed in present analyses.



160

TABLE 4.8.-1 Hypotheses

Item Assumption

Velocity field

Temperature field

Fluid properties

Axial conduction

Frictional dissipation of fluid

Heat flux at the inner wall

Time-dependence

Natural convection

Inlet temperature distribution

Outer wall

fully developed, turbulent

axisymmetrical

constant

negligible

negligible

constant

steady state

negligible

uniform

insulated

TABLE 4.8.-2 Employed semi-empirical relations

Item Relation Reference

Velocity profile (1) Sublayer

U 1
- = - l n
U BZ

1
—
r|n e"°in) [147]

(2) Buffer layer

U-Ua
[a(ab-2) In

a a

[147]

-) (ab-1)

1 1-bZi
+ - In - + (ab-1) (Z1 - Z )]

b 1-bZ a

3



(3) Core

161

— = ao In I) + Co
U

[19]

Eddy diffusivity (1) Sublayer and Buffer layer

£n» n,- n,. i n,
(—) = an n [— - th -± - - th3 -i
v na na 3 na

[133,147]

(2) Core

em BJl n 2
(—). = —
V x 3

(0.5 + Z,2) (1-Z+2)

Ratio of eddy dif-
fusivity of heat
to eddy diffusivi-
ty of momentum

6 sm 7t
if/ = — Pr — [1.1-exp ( ) ]

7t2 V
PY(—)

V

(169)

Radius of maximum
velocity point

Vi

Y2 " Yi Y2

[130]

Friction factor

Y2-Y1
r •>
v. 1

[212]

For the outer portion of annulus this relation is used for both the

sublayer and the buffer layer.

For the significations of symbols refer to Paragraphs 4.3. and 4.4.
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4.9. Turbulent Heat Transfer in the Thermal Entrance Region of Circular

Tube

As shown previously, tube is a limiting case of annulus where the radius

ratio of annulus approaches infinite.

Therefore, the developed method can be extended to pipe geometry.

The dimensionless energy equation is

Re 3T 1 9 3T
— U — = (aR —)
4 82 R 3R 3R

(4.9.-1)

with the following boundary conditions

T (R,0) = 0

3T
— (1,2) = 1
3R

(4.9.-2)

(4.9.-3)

3R
(0,Z) = 0 (4.9.-4)

The condition (4.9.-4) is from the symmetry of temperature profiles and

t-to

qD/2k

Y
R "" — —

D/2

U

u = -

V

X

z = -
D
1 v

« = - ( — + e.)
v Py

0 diameter of tube
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Divide the temperature into two parts

T (R,Z) = <t> (R,Z) + t|< (R,Z)

where t|)(R,Z) fully developed temperature solution

(j> (R,Z) developing solution

For the fully developed part, the equations are

Re 3t|> 1 8 8tj>
— U — = (aR — )
4 3Z R 8R 8R

(4.9.-5)

8t|i

8R

dtp

3R

= 1
R=l

= 0
R=O

(4.9.-6)

(4.9.-7)

For the entry contribution, the equations are

Re 8<t> 1 8 3<j>
— U — = (aR — )
4 8Z R 3R 3R

(4.9.-8)

3R
= 0

R=l
(4.9.-9)

a*
3R

l i m
Z-*»

R=0

Z=0

<j> = 0

0

(R ,0 )

(4.9.-10)

(4.9.-11)

(4.9.-12)

The fully developed solution can be expressed as

8 Z
i|> (R,Z) = + 6 (R)

RePv

i



9 (R) = / — dR + 6!
! OR

where Y. = a
D

2RU
+ / dR

i Py

1 R Yb

o tf, 5R

164 1

J URdR
o

The developing solution can be written as

n Z
«(». = Z B. b... e" Re
1 3 1J

Z e.. h..

where Xj, hj are the eigevalue and eigenvector of following equation,

respectively.

- a.h. , + b.h. - Ch.^. = Ah.
1 1-1 XX X X+l X

1 2 U.R. (AR)2
xx

a... R.., + a.R.
C = x 1

1 2 UiRi (AR)
2

b. -
1 2 U±R± (M)

2

i = 1,2, ».., n
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ej is the eigenvector of the matrix which is the transpose of coeffi-

cient matrix of the above equation.

Finally, the Nusselt number is obtained as

Nu =

n Z
6(1) + 2 B. h . e" Re

and the fully developed Nusselt number is

6(1)

4.10. Turbulent Heat Transfer in the Thermal Entrance Region of Parallel-
Plate Channel

For the parallel-plate channel (Fig.3.2.-2), the dimensionless turbulent

equation is

Re 3T 9 9T
U = — (a —) (4.10.-1)

2 9Z 9Y 3Y

with the following boundary conditions

T(Y,0) = 0 (4.10.-2)

9T
— (1,Z) = 1 (4.10.-3)
9Y

9T
— (0,Z) = 0 (4.10.-4)
3Y

The condition (4.10.-4) represents the symmetry of temperature profiles
and

t-to
T =

qb/k

L
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y
Y = -

b

X

z = -
b

u
u = -

V

1 V
a = - (— + sh)

2bV
Re =

b half width of channel

Similarly, the dimensionless temperature is split into two parts.

T(Y,Z) = <KY,Z) + «1»(Y,Z) (4.10.-5)

where «|»(Y,Z) fully developed solution

<|>(Y,Z) developing solution

The solution for fully developed case must satisfy the following equations.

(4.10.-6)
Re 3I|I 8 3iji
— U — = — (a —)
2 3Z 3Y 3Y

3if«

3Y
= 1

Y=l
(4.10.-7)

= 0 (4.10.-8)
3Y Y=0



The fully developed solution can be expressed as

2Z

Y Wb
6(Y) = J — dY + 6.

1 a L

where

Y U
= o + J — dY

Y=l 1 PY

1 Y W
= - S (J — dY) UdY

o l a

The developing solution is

2 \ j
n Z

<t>. = Z B . h . . e" Re

167 ~l
For thi? developing part, the equations are

Re 3<J> 8 8<|)
— U — = — (a —)
2 3Z 3Y 3Y

(4.10.-9)

8 0

3Y
= 0

Y=l
(4.10.-10)

- = 0
3Y Y=0

(4.10.-11)

Z=0
= -«|»(Y,0) (4.10.-12)

l i ra i)i=0
Z-»»

(4.10.-13)



168

B. = -

n
.!, -u ei

n
2 e.

where \., h. are the eigenvalue and eigenvector of the following equation,
J J

respectively.
- a. h. . + b.h. - Ch..- = Ahi1 l-l 11 l l+l

1
a.. = (a. + a.^)
1 2H. (AY)2

1
C. = (a.+1 + Of.)
1 2 Ui

1
b. = (a. . + 2 a. + a...)
1 2 U. (AY)2 1"1 x 1 + 1

i = 1,2, ..., n

ej is the eigenvector of the transposed matrix of the coefficient matrix

of above equation.

Finally, the Nusselt number is

and the fully developed Nusselt number is

2
Nu =
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4.11. Heat Transfer in Annulus and Rod Bundles with Arbitrarily Variable

Heat Flux

For the case where the heat flux at the wall of annulus or rod bundles is

arbitrarily variable in the axial direction, the principle of superposi-

tion may be applied.

The fundamental solutions are particularly convenient for the calculations

involving superposition of the elementary boundary conditions. The super-

position technique allows a variety of problems to be handled in a rather

general way.

We imagine representing any prescribed heat flux variation in terms of

the sum of finite steps.

Therefore, using the results of constant heat flux, we can evaluate the

temperature profiles and the Nusselt numbers in the case of variable heat

flux at the wall.

Suppose that the heat flux at the inner wall varies as a function q(x) •

In order to calculate the temperature distribution and local heat transfer

coefficient, one approximate the function q(x) with a step-wise varying

function (Fig. 4.3.-2).

The temperature solution for constant heat flux at the wall is

qb 8Z k Z
t-to = — ( + 6(R) + 2 C. h.. e" Re ) (4.11.-1)

k Pe(l+|) j=l J 1J

where q heat flux at the wall

b width of annular space or that of elementary annular cell

for rod bundles

Z dimensionless axial distance

R dimensionless radial distance

k thermal conductivity of fluid
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Now, it is assumed that at the point Zn (Fig. 4.3.-2), the heat flux

changes a small value of Aqn and hereafter the effect of Aqn continues as

Z->co. The change of temperature distribution due to the step-changed con-

stant heat flux Aqn may be expressed as

4\j
Aqb 8H(Z-Zn) k H(Z-Zn)

Atn = — 3 - ( + 0(R) + 2 c. b... e~ Re ) (4.11.-2)
k Pe(1 + 5) j=l J XJ

where

Z-Zn for Z > Zn
H(Z-Zn) = {

0 for Z < Zn

Summing all the changes of temperature

4Aj
m Aqjb 8H(Z-Zi) k H(Z-Zj)
I At = [ + 0(R) + I C. h. . e" Re ]
n=l n K Pe(l+g) j=l J XJ

Aq2b 8H(Z-Z2) k H(Z-Z2)
+ [ + 0(R) + 2 c. h. . e~ Re ]

j=l J 1J

Aq3b 8H(Z-Z3) k H(Z-Z3)
+ [ + 9(R) + 2 c h e" Re ]

k Pe(l+g) j=l J 13

Ao b 8H(Z-Zm) k H(Z-Zm)
+ — — [ + 0(R) + Z c. h.. e" Re ]

j=l J 1J

Therefore, one has

j
m Aa b 8H(Z-Zn) k H(Z-Zn)

t-to = I — 2 - [ + 9(R) + 2 c. h. . e" Re ]
n=l k Pe(l+|) j=l J 1J

(4.11.-3)
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where Aqj = qi - q
o

Aqg = q2 " qi

Aqn = \ ~ V l

Using the equation (4.11.-3), the temperature distribution for arbitrarily

prescribed heat flux at the wall can be calculated.

By definition, the bulk temperature of fluid may be evaluated as

4Aj
1 m Aq b 8H(Z-Zn) k H(Z-Zn)
/ Z — — [ + 0(R) + Z C. h.. e" Re ]U(l+BR)dR
o n=l k B - ' 1 i ^ '=•" J 1J

l

J U(l+BR)dR

m 8Aq b H(Z-Zn)

n=l k

The temperature at the wall is calculated by

4Xj
m Aa b 8H(Z-Zn) k H(Z-Zn)

t (Z)-t = 2 — 2 - [ + 0(o) + Z C. hj. e" Re ]
w ° n=l k Pe(l+|) j=l J J

By definition, the local heat transfer coefficient is

q(Z)
h(Z) =

tw(Z) -

and the Nusselt number is

h(Z)DB
Nu(Z) = -

k
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Therefore, the local Nusselt number can be determined by

2q(Z)b
Nu(Z) =

j
m Aq b 8H(Z-Zn) k H(Z-Zn)

k { I — 5 - [ + 0(o) + I Chi. e" Re
n=l k Pe(l+£) j=l J J

2q(Z)

4\J
m 8Aq b H(Z-Zn) ra k H(Z-Zn)

- Z — . } I Aq [6(o) + I C.hj. e" Re ] (4.11.-4)
n=l k Pe(l+|) n=l n j=l J J

where q(Z) local heat flux at the wall in the axial position Z

Aq_ step-change of heat flux at the position Zn

Usually, the axial heat flux distribution of fuel element in the reactor

can be approximated by a sinusoidal function.

nz
q(Z) = qo (1+F sin — )

L

where L length of fuel element.

With the above defined heat flux distribution of fuel element, the tempe-

rature distribution can be calculated by Equation (4.11.-3), the Nusselt

number is evaluated from Equation (4.11.-4).

Fig.4.11.-1 shows the variation of the local Nusselt number along the

axial length of an annulus.

Using the procedure described in the beginning of Paragraph 4.2., the

local Nusselt numbers have been calculated for the channels of rod bundles.

Fig.4.11.-2 and Fig.4.11.-3 show the variation of Nusselt number for rod

bundles with the length of element for pitch-to-diameter ratio of 1.3.
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Fig. 4.11.-4 and Fig. 4.11.-5 illustrate the effect of pitch-to-diameter

ratio on the local Nusselt number.

Fig.4.11.-6 and Fig.4.11.-7 illustrate the effect of the amplitude of heat

flux variation on the local Nusselt number.

Fig.4.11.-8 gives the axial variations of temperature at the surface of

rods.

It can be seen from Fig. 4.11.-4 and Fig. 4.11.-5 that the variations of

the pitch-to-diameter ratio have a moderate influence on the local Nusselt

number for the studied range.

From Fig.4.11.-1, it is demonstrated that the variation of heat flux dis-

tribution has a larger effect on local Nusselt number. As a comparison,

the variation of local Nusselt number for constant heat flux at the wall

is shown together. It can be seen that the local Nusselt number is first

greater than that of constant heat flux, then it becomes less than the

latter. This tendency is promoted as the amplitude of the variation of

heat flux becomes larger.

4.12. Asymptotic Solution for the Initial Portion of Thermal Entrance

Region

For the leading part of thermal entrance region, more eigenvalues must be

calculated in order to obtain a temperature profile and local Nusselt

number.

Now we look for an asymptotic solution for the initial portion of the

thermal entrance region of annulus.

The following aspects may be noticed for heat transfer to liquid sodium

in the initial portion of thermal entrance region.

(1). Only the flow annuli near the inner pipe wall are the important heat

transfer layers for initial portion.
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(2). For small value of axial distance the influence from the other wall

would not exist.

(3). Since liquid sodium has a high thermal conductivity, the total con-

ductivity in turbulent flow (molecular conductivity + eddy conductivity)

is near equal to the molecular conductivity. Especially, near the wall

the influence of turbulence on total conductivity is negligible.

Beginning from these facts, it is possible to derive an asymptotic solu-

tion for the initial portion of the thermal entrance region.

The heat transfer processes under investigation can be described by the

boundary layer energy equations.

Neglecting viscous friction, the two-dimensional energy equation may be

written in cylindrical coordinates as

at at 1 3 at a2t
U — + V — = a2 ( (V — ) + ) (4.12.-1)
3 X 3y Y 9V 3Y 3X2

32t
In the boundary layer, the axial conduction term may be neglected.

ax2

Therefore Equation (4.12.-1) becomes

3t 3t 1 3 3t
U — + V — = a2 (Y —) (4.12.-la)
3X 3V Y 3Y 3Y

where

The continuity equation is

3U 1 3
— + (YV) = 0 (4.12.-2)
3X Y 9Y
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In order to obtain the temperature distribution in the thermal boundary

layer, some boundary conditions are necessary.

When the fluid flowing in a channel encounters suddenly a change of tem-

perature at the wall of duct, only the fluid near the wall undergoes the

influence of the change of temperature at the wall. The temperature of

the fluid outside the thermal boundary layer remains unchanged. Also it

can be shown that there is no heat exchange at the edge of thermal boun-

dary layer between the fluid inside the thermal boundary layer and that

outside it.

Therefore, mathematically the above situation could be expressed as fol-

lowing boundary conditions.

t = to for Yi + °" < Y < Y2 (4.12.-3)

= q (4.12.-4)
8t

- k —
3Y Y=Yi

at
= 0 (4.12.-5)

Y=Yi + 6

= 0 (4.12.-6)

Y=Yi

= 0 (4.12.-7)

Yi

where 6 thickness of thermal boundary layer which is a function of the

axial distance

Yi radius of the inner wall of annulus

q heat flux at the wall

The energy equation may be integrated to give the integral energy equation.
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Equation (4.12.-la) is considered to be valid throughout the thickness 6

of the thermal boundary layer, and it is integrated from Y=Yi to Y=Yi+5-

at
J YU — dY + J
Yi 3X Yi

3t Yi+6 3 3t

YI

2 _ (Y_)

3Y 9Y

(4.12.-8)

Equation (4.12.-8) becomes

3

3X

Yi+<5

Yi

where the

Yi+6
tUYdY - / t

Yi

condition (4.12.

3(Y

9X

3t

3Y

-5)

U)

Y

3t

3Y

dY +

Y=Yi

Yi

= 0 was used.
Y=Yi+6

- S t dY =
Yi 3Y

(4.12.-9)

From the continuity equation

3(YV) 3U
= - Y —

By 3x

and the following conditions

at Y = Yi

YV = 0

at Y = Yi + 6

Y
YV = - /

3(YU)
/
Yi 9X

t = to

we can rewrite Equation (4.12.-9) as

I
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— / tUydy - J t - ydy - t J — ydy + f t — ydy =
3X Yi Yi 3X Yi

which reduces to

a 2 y -
at

ay Y=Yi

3 Yi+6

3X Yi
tUydy - to J

au at
— ydy a - a2y —
3X 3Y I Y=Yi

(4.12.-10)

Because the temperature t is independent of axial coordinate, the equa-

tion (4.12.-10) can be transforued into

a yt+6 at
— / U(t-t ) ydy = - a2 y —
ax Yi ay Y=Yi

or

9 Yi+5 Yiq
— / U(t-t ) ydy = (4.12.-11)

V3X Yi

where q heat flux at the wall.

Froa the discussion of Paragraph 4.7., for annular duct, the shear stress

in the position y can be expressed as

Tg f Y«2-Y2

_ = - V2

P 2 Y(y2-Yi)

for the shear stress at the wall, one has

xwg f Y«2-Yi2

= - V2

P 2 Yi(Y2-Yi)
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Therefore, the ratio of shear stress is

V»2 -

tw V V»2 " Yi2

where ym radius of maximum velocity point

For liquid sodium, near the wall, the Martinel'li analogy between heat

transfer and monentun transfer can be applied [14,212].

Therefore, the following relation can be obtained for radial heat flux

distribution.

q' Yi (Y»2 - Y2) q'
— = — . . —- (4.12.-12)
Ay Y (Y«2 " Yi2) Aw

where AY = 2ny.dx

Now we consider an annular eleaent of fluid of length dx (Fig.4.2.-3).

The energy balance equation can be expressed as

aq* at
a1 = q1 + , o U — ) dx
t r sz dY + (2nydY CpH _ ' *

<»Y **X

froa which

dt 1 aq'r
U— = (4.12.-13)
3x 2nyC pdx 3y

where q'r is the rate of heat transfer at radius Y-

Froa Equation (4.2.-1)

at i a at
U — = [Y(a2 + e.) — ]
3 X Y 3Y 9Y

1Q9
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The equation (4.12-13) becomes

1 3q' 1 3 3t
- = [V(a2+e.) — ] (4.12.-14)

2/tyCppdx 3y y 3y 3y

Integrating Eqution (4.12-14) froa y2 to y and noting that q" = 0 and
3t
=- » 0 at y2, one has

2nyCppdx 3y

Therefore following relation Is obtained

qi dt

P - V = -Ca2+eh> T (4.12.-15)
CppAy v dy

where

For liquid sodium, near the wall, the eddy diffusivity for heat transfer

eh may be neglected, then Equation (4.12-15) could be simplified as

qr
— — = - a2 — (4.12.-16)
CppAy dy

Substitue Equation (4.12-16) into Equation (4.12-12), one has

q Yi Y"2"Y2

Cpp Y Y"2-Yi2
= - a2 —

Integrating both sides leads to

Yi Yi*B (Yi+«)2-Y2

(y«2ln ) = ••(t-t )
Cpp (Y-2-Y!2) Y " " °
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Therefore, the temperature distribution in the thermal boundary layer is

obtained.

qYi Yt+6 (Yi+«)2-Y2

t=t + (Ym2ln ) (4.12.-17)
k(Y»2-Yi2) Y 2

With Equation (4.12-17), the integration of Equation (4.12-11) can be

evaluated.

8 Yi+6
/ (4.12.-11)
Yi Cpp

First, integrating both sides with respect to axial coordinate x and using

the condition 6 = 0 at x = 0, one has

Yi Yiq
S 0 (t-t ) YdY = X (4.12.-18)
Ya Cpp

Substituting Equation (4.12-17) into Equation (4.12-18) leads to

Yi+S (Yi+6)2"Y2 V ( Y » 2 - Y I 2 )
J (yn2ln
Yi Y

A trial and error procedure can be used to obtain the width of thenul

boundary layer, then with the obtained width the temperature distribution

in the thermal boundary layer of the initial portion of thenul entrance

region is calculated by Equation (4.12-17).

Now evaluate the Nusselt nuaber.

By definition, the heat transfer coefficient is

194
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and

hxDe
Nu =x

Therefore, the local Nusselt number can be evaluated as

N ux - t,,)

" Yi)

Yi « (Yi+fi)-Yi2 2 k
[ya2ln (1+ — ) ]

(Y«2-Yi2) Yi 2 (Y2
2-Yi2)CppVa

Fig. 4.12-1 shows a comparison of temperature profiles near the wall for

the initial portion of thermal entrance region. The dashed line was cal-

culated using the method of Paragraph 4.2., where seventy eigenvalues

have been calculated with IBM 370 computer. The solid line was calculated

with Equation (4.12-17). It can be seen that the temperature profiles

become coincident approaching the wall.

Fig. 4.12-2 illustrates a comparison of the local Nusselt numbers, a

reasonable agreement can be seen.

4.13. Comparison With the Results Neglecting the Thermal Development Ef-

fect.

In order to estimate the thermal developing effect, a comparison can be

made by calculating the temperature profiles and the Nusselt number ne-

glecting the thermal entrance effect.

Similar to the previous paragraph, consider as annular element of fluid

of length dx (Fig. 4.2-3). The radial heat flux at radius y is a and the

temperature gradient is the flow direction is



182

The energy balance equation can be obtained as

3(q -V) 3t
- = Cpp U — Y (4.13.-1)

3y 3x

Integrating both sides with respect to the radial coordinate Y»

q2Y2 Y2 3
/ d(q.Y) = - J Cpp U
qry Y 9x

At Y = Y2 . qr = 0

Y 2 at
Q_Y = S Cpp U — YdY (4.13.-2)

Y ax

Using the effective conductivity, the radial heat flux can be expressed as

qr = - ka£f ̂  (4.13.-3)

where k __ = k + pCpe

Therefore, from Equation (4.13-2) and (4.13-3), one has

3t Yz 3t
- k . y — * / CppU — ydy

et ay Y ax

Integrating both sides from Yi to Y leads to

Y2 3t
/ CppU —

Y Y 3X
tw - t = / dY (4.13.-4)

^ keff *

196
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In order to obtain the temperature at the wall, the bulk mean temperature

t, may be used.

By definition

Y2
/ tU27iydy

Yi
S Y2

/ U2nydy
Yi

The following equation can be written

Y2 Y2
t / U2nydy J tU2nydY

W Yi Yi

Y2 Y2
/ U2nydy / L'2/iydy

Yi Yi

S (t -t) U2nydy
Yi

(4.13.-5)
riV (y2

2 - Yi2)

Substituting Equation (4.13-4) into Equation (4.13-5) leads to

y2 3t
/ pCpU — ydy

t . * = I / 2
 ( / Y 9X dy) Uydy (4,13.-6)

The bulk tenperature can be evaluated by the following equation

27tYiqi = n(Y2
2-Y!2) VCpp —^ (4.13.-7)

ax

where qi heat flux at the wall

At X = 0, t,, = t0.

197
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Integrating the both sides of Equation (4.13-7) with respect to x» one has

YiqiX
t.-t = (4.13.-8)

° (Y22-Yi2) VCpp

It must be noticed that the axial gradient of temperature 3t/3x is a func-

tion of radial position for the thermal entrance region.

However, neglecting the thermal developing effect, it may be assumed that

the distribution of the axial gradient of temperature are uniform across the

cross section of the channel.

Therefore, we have the following relation.

3x 3X

Then, Equation (4.13-4) can be rewritten as

Y2 9t
J" CppU —

Y Y 3X
t-t = St

Yi *eff Tf

Yz
S

au Y Y
= Cpp —S- J dY

3X Yi ke££ Y

Using Equation (4.13-7), it can be expressed as

Yz
/

2 Yi <H Y Y
t -t = J dY (4.13.-9)
W (Y22~Yi2) V Yx keff Y
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Substituting Egution (4.13-9) into (4.13-5)

V2
J

Yi Qi Y2 Y Y
t - t. = J (/ dy) Uydy (4.13.-10)
W b ( Y 2 Y 2 ) 2 V 2 Yi Yi k e f f Y

Finally, the temperature at the wall is

Y2

/ Uydy
Y2 Y Y

(J dy ) UydyW (Y 2
2-Yi 2) 2 V2 yt yt k e f £ y

From Equation (4.13-8), one has

Y2

X Uydy
2YiqiX ^Yiqi Y2 Y Y

t = t + + — I (/ dy) Uydy

(Y22"Yi2) CppV (Y2
2-Yi2)2V2 Yi Yi k r f f Y

and the temperature distribution can be evaluated by

S 2 uydy
2 YiqiX * Yiqi YZ Y Y

t=t + + J (X dy) Uydy
° (Y22~Yi2)CppV (Y2

2-Yi2)2V2 Yx Yi k e f f y

Ya
X Uydy

2 Yiqi Y Y
/ dy (4.13.-11)

(Y2
2-Yi2)V ya k e f f y

t|iemPr
where k f i f f = k (1 + )

From Equation (4.13-10), the Nusselt number can be determined.

hDe
Nu =

k
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(Y2"Va) (Y2
2-Yi2)2V2

Y2
J Uydy

Y2 Y Y
2 k / (/ dy) Uydy

(4.13.-12)

Yi Yi eff

Fig. 4.13-1 shows a comparison of temperature profiles calculated by Equa-

tion (4.13-11) and those calculated in Paragraph 4.2 for Re = 5 x 104,

P = 0.006 and radius ratio 1.5.

It can be seen that when the dimensionless axial distance larger than 30,

both temperature profiles almost coincide each other, and the thermal

development effect could be neglected. This corresponds to a difference

of 1 percent in the Nusselt number.

4.14. Time-Dependent Temperature Evolution

First, we consider a simplified case.

The problem of heat transfer from a heating element with a spa*ial-uni-
iwt

formly distributed periodical source of heat q.eJ can be described by

following equations.

For 0 < y < y (in the core of heating element)

at 3yz y 3y

J w T

9t,
= 0

y=0

3y

at.

y=yo 3y
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= to
T=O

For y < Y < Yi (in the cladding of beating eleneat)

= K2 C
32t2 1 3t2

3y2 y 3y

Y=YO ^Y

f=Yo Y=Y0

at2

ay

at.

3y
Y=Yi Y=Yi

Y=Yi Y=Yi

= t
T=o

For Yi < y < y2 (in the annular channel)

at3 at3 1 a at3

+ U = - — [y(a2 + e ) ]

ax ax Y»Y 3Y

at3

ay

at2 I
= k2 —

ay
Y=Yi j Y=Yi

t3 I = t2

Y=Yi |Y=Yi
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3y
= 0

|Y=Y2

T=0

where y , yt and y2 refer to outer radius of core, cladding and annulus,

respectively

U = U(y)

£h =

With following substitutions

t! = Ti e j W T + to

t2 = T 2 e
j w T + to

t3 = T 3 e
j W T + to

The above equations become

1 3T!
jw

3T,
= 0

Y=o

3T3

Y=YO 3y

= T2

Y=yo

2O3
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for 0 < Y < < Y >

jwT2 =
32T2 1 3T2

( +
3y2 y 3y

3T2

k2

3y

T2

3T,

3y

y=yo

3T2

3y
Y=Yi

3T3 j
= k3 —

3Y
|Y=Y=Yi

Y=Yi

f o r Yo 5 Y < Yi ;

3 3T
jwT3 + U(y) = [y (a 2 + e. (y)) ]

3x y ay n ay

3Ta

3y
|Y=Yi

T3 | = T2

3T3

9y
= 0

Y=Y2

= 0
x=o

Y=YI

Yi < Y < Y2
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However, it will becoae very coaplicated and involved to solve the above

equations with analytical aethod (217). Therefore, one aust turn to nuae-

rical aethod.

In our work, the code BALTA is used to calculate the time-dependent teape-

rature evolution in the annular duct (Appendix 1) [83].

In the coaputation, the following assuaptions have been Bade.

(1), The source of heat is uniforaly distributed throughout the core of

heating eleaent.

(2), The teaperature of entering liquid sodiua is unifora across the cross-

section at x = 0 and independent of tiae.

(3), The properties of heating eleaent and fluid are independent of teape-

rature for the range of teaperature variation.
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CHAPTER V

EXPERIMENTAL INVESTIGATION OF TURBULENT HEAT TRANSFER

TO LIQUID SODIUM IN THE THERMAL ENTRANCE REGION OF ANNULUS
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In present study, an annular channel was used to investigate the heat

transfer from a heating rod element to liquid sodium.

The heat flux at the surface of the heating rod was Maintained constant.

In order to have a rather complete information about the heat transfer

to liquid sodium in the thermal entrance region, the experiments were

carried out for various flowrates and temperatures of entering liquid so-

dium.

5.1. Purposes of Experiments

As shown previously, the experimental data about heat transfer from rod

element to liquid sodium in the thermal entrance region were very scarce.

Therefore, it is necessary to carry out the experiments in detail.

In order to obtain relatively complete information about the thermal en-

trance region, it is desirable to observe both the axial and radial tem-

perature distributions and to explore the heat transfer characteristics

in this region.

Therefore, the purposes of experiments are

(1), measuring temperature profiles at different axial positions,

(2), determining heat transfer coefficients in the thermal entrance re-

gion as well as thermal fully developed region.

With the measured results, it is possible to estimate the thermal de-

velopment effect on temperature field and local heat transfer co-

efficient .

5.2. Related Characteristics of the Core of Fast Reactor

So far, a variety of sodium-cooled fast reactors have been constructed

and are in construction. However, the following characteristics, which

are relative to present study, can be shown.

(1), In most of the fast reactors, rod fuel elements are used in the core

of reactors.
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(2), In fuel element of sodium-cooled fast reactors, especially in power

plants, blankets and gas plenums are usually provided integr»tely

above and below the fuel zone (e.g. Superphenix, SNR 300). There-

fore the fluid begins to be heated by fuel with fully developed or

almost fully developed flow.

(3), Because of higher heat transfer coefficient in turbulent regime,

turbulent cooling-flow prevails in the core of reactors.

(4), Furthermore, usually upflow-cooling pattern has been chosen for

various reasons.

Considering the above characteristics, in present study, the following

configuration has been chosen for the test section.

(1), A heating rod element is installed in the axis of channel.

(2), A section for stabilization of flow is provided before the heated

section.

(3), The liquid sodium enters the channel from the bottom of test sec-

tion and flows turbulently upwards along the rod element.

(4), In the beginning of the heated section, the liquid sodium flows

with an uniformly distributed temperature across ths cross section.

5.3. Definition of Experimental Conditions

5.3.1. Definition of the diameters of channel

In our work, the effect of thermal development on heat transfer from the

heating rod was investigated with an annular channel.

The diameters of test section have been chosen as

(1), inner diameter of annulus 17.2 mm

(2), out er diameter of annulus 31.8 mm

The inner diameter is deterained by the dimension of standard tube in

the factory (PYRO-COSTKOL FRANCE).

The outer diameter is determined by the dimension of thermocouples and

the pressure loss.
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5.3.2. Definition of the heating element length

According to the calculations in Paragraph 4.2., the length of heated

section of the rod element has been chosen as 500 mm, which covers the

range of variation in thermal entrance length for turbulent flow with

the Reynolds numbers encountered in fast reactors.

5.3.3. Definition of the length of the section for stabilization of flow

The hydrodynamic entrance lengths are quite different in literatures.

According to paragraph 3.7., in present study, the length of unheated

annular channel is of 600 mm, which corresponds to 41 equivalent dia-

meters for establishing the velocity profile. This length is much longer

than the values given in Paragraph 3.7.

5.3.4. Definition of the inlet temperature of the test section

In order to obtain relatively complete information, in the experiments

the inlet temperatures of the test section vary from 230°C to 450°C

which encompass the range of inlet temperature variation in sodium-

cooled fast reactors. These correspond to the Prandtl numbers ranging

from 0.0069 to 0.0047.

5.3.5. Definition of the flow rate in the test section

The flow rates for experiments vary from 0.08 to 0.82. 1/s. These cor-

respond to the Reynolds number ranging from 6,000 to 60,000 which en-

close the Reynolds numbers that could be used in reactors.

In order to investigate the influence of the Reynolds number and the

Prandtl number on heat transfer in the thermal entrance region, the

experimental series have been planned as the following table.
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Inlet temperature Prandtl number Flow rate

U/s)

Reynolds number

300

300

300

300

300

300

350

350

350

350

350

350

230

260

300

350

400

320

350

400

450

0

0

0

0

0

0

0

0

0

0,

0,

0.

0.

.0059

.0059

.0059

.0059

.0059

.0059

.0054

.0054

.0054

.0054

.0054

.0054

.0069

0.0064

0.

0.

.0059

0054

0.0050

0.

0.

0.

0.

0057

0054

0050

0047

0.090

0.120

0.150

0.300

0.750

0.825

0.082

0.109

0.136

0.272

0.681

0.816

0.181

0.163

0.150

0.136

0.126

0.724

0.681

0.628

0.581

6
8

10

20

50

55

6

8

10

20,

50,

60,

10,

10,

10,

10,

10,

50,

50,

50,

50,

,000

,000

,000

,000

,000

,000

,000

,000

,000

,000

,000

,000

,000

,000

,000

,000

,000

000

000

000

000
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5.4. Description of the Experimental System

The experiments were carried out in the sodium loop Na 2 of C.E.N./S.C.K.

The experimental system is composed of two electromagnetic pumps, two

electrical heaters, test section, expansion tank, sodium-sodium recupe-

rators, electromagnetic flowmeters, sodium-air cooler, purification and

oxygen detection system and measuring system.

A general flow sheet of the main circuit with purification and plugging

circuit together with their dump system is shown on Fig. 5.4.-1.

On the main circuit are installed two electromagnetic pumps which by mean

of three valves are connected either in series or in parallel depending

on the special requirement. The purification circuit, provided with a

proper electromagnetic pump, is branched over the main sodium-air cooler

and flowmeter.

Starting from the electromagnetic pumps, the cold flow through the shell

side of the sodium-sodium recuperator and picks up the heat from the hot

sodium in the tubes. Then the sodium passes two heaters and is heated to

a prescribed temperature. With a given temperature, the sodium enters in-

to the test section, and then is rejected in the expansion tank. From the

bottom of expansion tank, the sodium flows downwards and returns to the

recuperator. The hot sodium flows in the tube side of sodium-sodium recu-

perator and is cooled by the cold sodium outside the tubes. Then, the

sodium flows through the tube bundle of the sodiuK-air cooler and the

temperature of sodium is decreased by the air flow outside the tubes.

Finally, the sodium returns to the pumps.

5.4.1. Description of sodium loop

The main circuit, following the direction of sodium flow, includes the

following items.
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(1), Electromagnetic pumps

Two electromagnetic pumps are branched with a differential pressure

device over inlet and outlet and privided with one electromagnetic

flowmeter on one of the pump ducts.

Nominal rating are 7 m 3^" 1 for a pressure rise of 1.5 kg.cm"2 for

each pump and primary input of 16 amps at 180 volts.

(2), Sodium-sodium heat exchanger

The sodium-sodium heat exchanger is a shell and tube counter flow

heat exchanger with baffles. It has an U form shape in order to bring

down the dimensions of the loop and to compensate for the different

thermal expansions between the shell and the tubes.

The sodium-sodium heat exchanger reduces the temperature, at the

outlet of the test section, to an acceptable value at the pump inlet.

The heat is recuperated to rise the temperature of the sodium at the

pump outlet.

The cold sodium flows through the shell side of the U-shaped device.

(3), Heaters

The loop is equipped with two electrical heaters, 20 and 50 KW res-

pectively. The electrical heaters compensate the heat losses and

adjust the sodium temperature in the test section to a desired tem-

perature .

The 20 KW heater is composed of four electrical resistance elements

held by ceramic pearls and placed in four parallel thimbles around

which the sodium flow passes. Reassembly of the resistance elements

in the care of failure is possible without the need of breaking into

sodium circuit.

The 50 KW heater has ten immersion type heater which are lipwelded

to specially designed fitting at one. end plate of the cylinder shaped

furnace. The fittings allow replacement of damaged heater, but

breaking the circuit is necessary.

The power input to the 20 KW heater is adjustable by manual setting.

The power input to the 50 KW heater is automatically regulated over a

phase angle steered thyristor unit.
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(4), Test section

The test section is an annular channel with a beating element at

the axis. The sodium flows upwards along the heating element. There

are six thermocouple stations which are designed to measure the tem-

perature distribution in the annulus (for detail see Paragraph

5.4.2.).

(5), Expansion tank

The expansion tank is a cylindrical vessel equipped with a sodium

level indicator and two position indicators.

Argon is used as cover gas.

A baffle is mounted in the expansion tank to prevent gas entrainment.

The sodium inlet and outlet are all in the bottom of the tank.

(6), Sodium-sodium recuperator

The hot sodium flows through the tube side of the U-shaped sodium-

sodium recuperator.

(7), Sodium-air cooler

The sodium-air cooler is of the shell and tube counterflow type with

baffles. The sodium flows through the tube bundle, the air in coun- '

terflow through the shell equipped with baffles.

The tube bundle and the envelope are straight. To compensate for the

different thermal expansions one end of the envelope is not fixed to

the tube sheet and left open to realize the air inlet.

The sodium-air cooler brings the sodium temperature down to a desired

temperature at the pump inlet, while the temperature in the test

section is regulated by air flow through the cooler.

(8), Electromagnetic flowmeter

The elctromagnetic flowmeter is a standard 1" unit. The flow-rate of

the main electromagnetic flowmeter as a function of tension is based

on a slope of 0.4 m3.h 1 per mV.
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(9), Purification and oxygen detection system

The purification and oxygen detection system, following the direction

of sodium flow, includes following items :

(a), Sodium-sodium recuperator

The hot sodium flows through the tube side of the U-shaped

sodium-sodium recuperator,

(b), Electromagnetic flowmeter

The flow rate of the electromagnetic flowmeter as a function of

tension is based on a slope of 0.4 m3.h 1 per mV.

(c), Electromagnetic pump

The electromagnetic pump has a nominal rating of 45 l.min l for

a pressure rise of 1 kg.cm 2 and primary output of 12 amps at

200 volts,

(d), Cold trap

The cold trap is a jacketed 20 1 steel vessel. The central part

is filled with number 18 stainless steel mesh, wire diameter

0.24 mm, packed to a density of about 250 g.l *. Because the

downstream sodium velocity in the outer 5 mm annulus is rela-

tively high compared with the upstream velocity of the sodium

through the mesh region, all precipitates will deposit on the

mesh wire,

(e), Expansion tank

The expansion tank is a cylindrical vessel equipped with dis-

continuous level indicator,

(f), Sodium-sodium recuperator

The cold sodium flows through the shell side of the U-shaped

sodium-sodium recuperator. This side of the recuperator is pro-

vided with a by-pass line to control the sodium temperature by

means of sodium flow regulation.

A plugging circuit is branched over the cold trap such that runs

can be made on the sodium entering or leaving the trap.

The plugging circuit exists of a sodium-air cooler, a plugging

valve and a flowmeter. A plugging valve instead of a plugging

orifice is used to disturb the plug mechanically by opening the

valve if heat alone could not dissolve the plug.

(10), Auxiliary equipment

Following auxiliary equipments are employed to enable to operate the

loop.
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(a), A filling system

The filling system contains a melt tank connect to the dump

tank of the loop over a filter and valve.

The dump tank is connected to the loop over a fine filter (sin-

tered stainless steel) and valve.

(b), A ventilator with an adjustable control valve.

(;), A vacuum group to out-gas the circuits

(d), Argon bottles to pressurize the circuits

(e), A general control panel incorporating all instrumentation.

The loop is built of 1" tubing in stainless steel AISI 316.

Electrical heaters are provided on all parts permitting a gradual heating

up of the loop.

Finally, to diminish the pressure loss in the loop during the experiments

for higher Reynolds numbers in present study, by-pass is provided for the

recuperator of main loop.

Loop Characteristics

Flow rate adjustable up to 7 m3.h 1

Pressure head up to 3 kg.cm 2 (two pumps in serie)

Temperature up to 800°C

Heat load up to 70 KW

Design pressure 6 kg.cm"2 at 700°C

Sodium volume of the order of 100 1

Construction material mainly stainless steel type AISI 316

Pipe size main circuit 1"

purification circuit 1/2"

5.4.2. Description of test section

The test section is composed of heating rod, annular channel, expansion

tank, six stations of measuring-thermocouples, axial position regulating

and measuring system, sodium level indicator and flowneter (Fig. 5.4.-2.)
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Sodium enters the channel from the bottom of test section. Encountering

the front of the rod, the flow is separated into annular one. The first

section of the central rod is unheated, the velocity field can be esta-

blished isothermally. At the end of the unheated section, the velocity

profile can be considered to be fully developed.

The fluid begins to be heated at the position which is 600 mm far from the

leading edge of the central rod (41 equivalent diameters).

As the axial distance increases, the temperature at the inner wall of an-

nulus rises quickly, and the temperature of the fluid near the inner wall

of annulus begins to increase, too.

Therefore, the thermal boundary layer develops along the wall of heating

element. The heating influence spreads radially as the axial distance in-

creases.

Six stations of thermocouples are designed to measure both axial and

radial temperature distribution of the fluid. Therefore, the thermal boun-

dary layer development can be observed.

After a certain distance from the leading edge of heated section, which

is dependent of the flow velocity and temperature, the temperature pro-

files become unchanged, the thermal fully developed situation is attained.

Finally, sodium flows out of the annular channel and enters the expansion

tank. Encountering the baffle above the outlet of annulus, the flowing

sodium turns to the outlet of the expansion tank.

5.4.2.1. Annular channel

The annular channel of test section is composed of a central heating rod,

an outer tube of annulus and a jacket of test section.

The inner diameter of annulus is of 17.2 mm, the outer diameter 31.8 am.

The outer tube of annulus and the jacket of test section are aade of

stainless steel AISI 304, the inner tube stainless steel A1SI 316.
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The outer tube of annulus consists of seven cylinders which are mounted

end to end. At the beginning of last six cylinders, there are six thermo-

couple stations. The inner diameter of the outer tube has been machined

with a higher accuracy.

In order to provide passages for thermocouple lead wires, canals have been

milled between the outer tube of annulus and the jacket of test section

(Fig. 5.4.-3.). However, a reasonable tolerance range has been taken to

minimize the leak of fluid in the clearance between the outer tube and the

jacket, as well as in the canals of thermocouple lead wires (see Paragraph

5.7.4).

5.4.2.2. Heating element

The central cylinder of the test section consists of two parts.

The lower part of the cylinder is an unheated section of a length 600 mm.

The upper part of the cylinder is a heated one of a length 500 mm.

The velocity profile is established in the unheated annulus. Then, the

fluid is heated by a constant heat flux from the central cylinder.

The heater consists of stainless steel cladding tube, resistance wires and

insulator of magnesia.

The concentricity of the central rod is ensured by the following.

(1), At the inlet of the oheated section, three upstream fin supports are

installed axisymmetrically (120° apart).

(2), At every thermocouple station, two support pins are mounted in equal-

ly spaced directions (120° apart from the thermocouple station).

Finally, all the supports have been adjusted after introducing a central

rod to obtain a higher alignment.

Before assemblage the heating element has been examined and the position

of heated section was measured by radiophotography. Then, it was detected

by helium leak-check with a pressure of 10 kg/cm2.
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The heat flux of the heated section was varied by changing the power of

the heated rod. A wattmeter was used to facilitate the adjustment.

In virtue of the bellows and threaded bar with nut system, the location of

the heated section could be varied by moving the central cylinder in axial

direction.

Characteristics of heating element

Type CC 22 PYRO-CONTROL

Material of tube Stainless steel AISI 316

Diameter 17.2 mm

Thickness of tube wall 2.3 mot

Power (max.) 19 kw

Voltage 220 V ac

Length of heated section 500 mm

Length of unheated section 600 mm

Total length 1610 mm

Insulator MgO

5.4.2.3. Arrangement of measuring-thermocouples

In order to measure both radial and axial temperature distributions, six

thermocouple stations are installed. Every station is equipped wich five

thermocouples. With the axial displacement system, the temperature pro-

files can be obtained for most levels.

5.4.2.3.1. ?adial_distribution_of.thermocouples

Because the temperature profile near the inner wall of the annulus have

a more important influence on heat transfer from the rod, radially-unequal-

distance distribution of the thermocouples has been designed. Considering

the feasibility of fabrication and assemblage, the radial intervals of

thermocouples in every station are

(1), 0.75 mm

(2), 1.25 mm

(3), 1.5 mm

(4), 1.5 mm

(5), 1.75 mo

i r
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Characteristics of thermocouples

Type TCG1 PYRO-CONTROLE

Nature of thermocouple Chroael-Aluael

Diameter of sheath 0.5 MI

Material of sheath stainless steel AISI 304

Diamter of conductor 0.09 mm

Resistance 158 ft/m (20°C)

Temperature (max.) 800°C

The thermocouples are fixed in frames. Five grooves have been milled in

each frame parallelly to the axis of annulus. The thermocouples are em-

bedded in the grooves and* covered by a sheet of stainless steel. The sheet

is attached to the frame by spot-welding with laser. To ensure the paral-

lelism, the thermocouples have been adjusted rigorously with optical pro-

jector during assemblage. The thermocouple lead wires are then intro-

duced into the canals between the outer tube of annulus and the jacket

of the test section (Fig. 5.4.-2. and 5.4.-3.).

The radial position of thermocouples have been measured with optical pro-

jector CLASSEN BATY Model SM20E. The precision of projector is ± 0.002 am.

Finally, the thermocouples of six stations have been examined by radio-

photography.

In order to minimize the influence of the thermocouple stations on each

other the thermocouple stations are arranged in a spiral form i.e. in the

direction of flow the thermocouple stations are turned azimuthally 120°

with respect to each other.

The axial intervals of thermocouple stations are of 80 mm.

5.4.2.3.2. Axial_disnlacement_system

In order that the thermocouple stations may measure temperature profiles

for different levels, an axial displacement system is equipped.

The top of the heating element is assembled with a screw. In virtue of a

threated bar with nut system, the heating element can be displaced axially

with respect to the thermocouple stations by turning the hand grip at the

top.
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Metal bellows is provided to ensure the seal of the cover of expansion

tank. An outer shell is around the bellows to prevent the latter fro*

eventuality of internal over-pressure. The displacement system is con-

nected to a position indicator (dial gauge) and a linear variable dif-

ferential transformer (LVDT) with a read out device Schaevitz METROC.

The latter furnishes position signals to the conputer.

The stroke of the axial displacement system is of 81 M I .

Characteristics of linear variable differential transformer (LVDT)

Type Schaevitz 2000 HR

Linear range ± 51 an

Sensitivity 11.756 mm/V

Linearity 0.25 %

Frequency of primary exitation 2.5 KHZ

5.4.2.3.3. Angular_gosition_adjustment

Six angular positions are available to measure the temperature profiles

for six radial directions by turning the heating element. Therefore, it is

ultimately possible to observe the temperature variation with angular

positions.

This is realized by changing the position of threaded connection at the

upper flange of the bellows.

Besides the thirty thermocouples in the six stations, three thermocouples

are arranged upstream of the inlet of heated section to measure the inlet

temperature. These thermocouples are peripherally seperated from each

other by 120°.

Three thermocouples are mounted at the expansion tank below the baffle to

measure the outlet mixing mean bulk temperature.

In order to avoid a leak of high-temperature sodium by penetrations of

thermocouple lead wires, all the measuring thermocouple lead wires are

derived f^om the test section through an instrumentation plug above the
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cover of expansion tank. In the plug rubber seal is employed to prevent a

leak of argon (cover-gas). To diminish the temperature of the plug, a tube

with a length of 200 mm is used to connect the instrumentation plug with

the cover of expansion tank.

Then, all the thermocouple wires are fixed at the connectors above the

cover of expansion tank.

Besides the measuring thermocouples, in the lower part of the test section

and at the expansion tank four thermocouples are mounted for the purpose

of loop control. They are placed in thimbles on the jacket of test section

and on the cover of expansion tank.

The diameter of these thermocouples is of 2 mm.

5.4.2.4. Expansion tank

The expansion tank is a cylinder of 13.7 litres.

At the expansion tank are fixed baffle, level indicator, instrumentation

plug, position indicators and axial displacement syster of the heating

element.

The baffle is fixed about 80 mm above the bottom of the expansion tank. In

normal operation of the loop, the sodium level was maintained about 110 mm

i.e. 30 mm above the baffle, therefore the possibility of gas entrainment

can be minimized.

Furthermore, the inlet and outlet of the expansion tank are all in the

bottom of tank. This is favorable to diminish gas entrainment.

The adjustment of sodium level was carried out by means of the level

indicator. In order to have a reasonable sodium level, the regulation must

be carried out carefully for different experimental operating conditions.
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5.4.2.5. Flowmeter

Besides the flowmeter of the loop, an electromagnetic flowmeter is ins-

talled upstream of the test section.

The flowmeter have been calibrated with an accuracy of 2.5 percent. In

order to survey the variation of the magnetic field, a Hall effect magneto-

meter is provided for the flowmeter.

In order to obtain a more accurate reading of flowmeter, a straight tube

for stabilization of flow is provided upstream of the flowmeter (30

equivalent diameters).

Characteristics of flowmeter

Type NW 15 INTERATOM

Diameter 16 x 2 mm

Air-gap of magnet 20 mm

Magnetic flux density 0.4 ± 1.5 % Tesla

Sensitivity 3.79 mV ± 2.5 %/l m/s

Finally, the readings of various flowmeters were compared to obtain a more

accurate value of flowrate.

5.4.2.6. Cleaning of the test section

In order to obtain a better wetting condition, the test section has been

cleaned before assemblage.

The following procedures have been taken to eliminate the grease.

(1), Scouring with ASTON or alcohol

(2), Washing in water

(3), Drying by vacuum evaporation and heating.

The last procedure has been carried out with the vacuum system of the loop.
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As to the oxide film, it is not desirable to reaove that with chemical

agent, because chemical impurities could be introduced by the residue.

As sodium possesses a higher chemical affinity, the reaction of liquid

sodium with oxide film of the transition-metal surfaces is quite quick,

especially at higher temperature (ref. Paragraph 3.12.)' Therefore, in

our work the oxide films in the metal surfaces were removed by operating

the loop at a temperature higher than 300°C. Finally, the oxide in the

sodium was eliminated by the purification system.

5.4.2.7. Leak detection

Because of the violent interaction between high-temperature sodium and

oxygen in air, precaution must be taken against a leak of liquid sodium

from the experimental apparatus. All the weld seams were detected by he-

lium leak-check during assemblage. Finally, after assemblage a test was

made by means of the helium-pressurizing system of loop and helium leak

detector. The pressure of test is of 3 kg/cm2.

5.4.3. Measurement system

Fig. 5.4.-4. shows a block diagram of measurement system.

The system consists of thermocouples (in the test section), flowmeter,

thermocouple reference junction, power-measuring device, position in-

dicating device, scanner, digital voltmeter and computer.

The Thermocouple Reference Junctions provide a precisely controlled stable

temperature reference for multi-channel thermocouple systems, eliminating

the necessity for cold-junction compensation and ice bath maintenance.

Each reference thermocouple is electrically insulated and embedded in a

thermally insulated block which is maintained at a constant temperature

(± 0.1°C).
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Block temperature is sensed by manganin and copper windings applied di-

rectly to its surface and connected in a Wheatstone bridge circuit. The

bridge is balanced at the desired temperature by adjustment of potentio-

meter.

Reference temperature stability is normally attained in approximately 20

minutes after power is applied.

The Scanner (Fluke Model 2204 A), in its basic form, is a relay scanner

mainframe capable of physically housing up to 100 data channels, and elec-

trically controlling up to 1000. It is designed for use in data acquisi-

tion system.

Characteristics of scanner

Channel capacity

Channel switching rate

Isolation

Voltage offset

Contact current

Input voltage limit

up to 100 channels in 10 channel increments using

any combination of optional scanner printed cir-

cuit boards.

6 ms

> 10 1 0 Q

< 10 uV

15 m A (max.)

170 V

The Digital Voltmeter (Hewlett-Packard Model 3456 A) is an excellent bench

meter and remotely programmable. It also employs a feature called AUTOZERO.

The feature of the instrumentation is very useful for good stability.

The internal reference device and reference resistors are also selected

for good accuracy and stability.

Characteristics of digital voltmeter

Temperature coefficient

Accuracy

Input resistance

± 0.0002 %/°C

± 0.0022 % (for present experiments)

> 10 1 0 Q

The power value of heating element was obtained by measuring the voltage

and current using True RMS Voltmeter (HP Model 3403 A) and Digital Multi-
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meter (Keithley Model 177) respectively. In order to diminish errors

caused by the electrical resistance of lead wires of the power supply,

the power measurement was made just before the input of beating element.

Finally, Hewlett Packard Model 21 MX Serie 2117 F computer was employed

to record the experimental data automatically.

5.5. Preliminary Experiments

Before the start of the main programme of work, preliminary experiments are

indispensable to observe the characteristics of experimental apparatus.

5.5.1. Purposes of preliminary experiments

The primary purposes of the preliminary experiments are

(1), Verify the readings of different thermocouples in isothermal opera-

ting conditions at different temperature levels.

(2), Determine the heat loss of the test section at different flowrates

and operating temperatures.

(3), Determine the time which is necessary to establish a steady state

temperature field in the test section.

(4), Create a better wetting condition for the test section before under-

taking the main experiments.

5.5.2. Verification of the readings of thermocouples.

In normal operation, the mean temperature in the test section is about

300°C. However, for our experiments, the radial distribution of tempera-

ture are more interested. Comparing to the higher operating temperature,

the radial temperature differences are small.
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In order to diminish errors produced by the reading differences of dif-

ferent thermocouples at same actual temperature, and that induced by the

variation of heater power, the preliminary experiments were made for va-

rious operating temperature with isothermal flow.

First, the individual readings of every thermocouple were recorded. Then,

the differences between the readings of different thermocouples and the

mean readings of the reference thermocouples (at the inlet of heated sec-

tion) were evaluated for various temperatures and flowrates,

Considering the mean value of the readings of reference thermocouples to

be standard, taking into account the heat loss, the differences of the

readings of different thermocouples can be corrected.

1

5.5.3. Determination of heat loss

In order to evaluate the heat loss from the flowing sodium in the test

section to surroundings, the following parameters were measured

(1), Flowrate of sodium

(2), Inlet temperature of the test section

(3), Outlet temperature of the test section

(4), Ambient temperature around the test section

With the obtained data, the heat loss and the overall thermal resistance

can be evaluated (see Pragraph 5.7.3).

Because the heat loss is a function of the velocity of flowing sodiua and

the operating temperature, the experiments must be made for different

operating conditions.

The preliminary experiments were carried out for the inlet temperature

varying from 200°C to 400°C and the Reynolds numbers ranging from 6,000 to

60,000.
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5.5.4. Determination of stabilization time

Due to the thermal capacity of the heating element and the flowing sodium

as well as other components, a waiting time is necessary to establish a

steady state temperature field in the annular channel after changing the

experimental conditions (power of heating element, inlet temperature,

flowrate etc.)

Therefore, a series of experiments were carried out to determine the tran-

sient times. These experiments were made for the Reynolds number ranging

from 6,000 to 60,000.

1

5.6. Procedure of Main Experiments

The data necessary to determine the temperature profiles and the local

heat transfer coefficients are

(1), Thermocouple readings at the six stations

(2), Inlet temperature of the test section

(3), Outlet temperature of the test section

(4), Power of the heating element

(5), Flowrate in the test section

(6), Ambient temperature around the test section

(7), Axial positions of temperature-measuring points.

Efforts were made to reduce experimental errors. The purity of liquid

sodium was measured to avoid contamination of sodium in the loop. To as-

sure steady-state temperature and flow readings, final readings were ta-

ken only after a prescribed waiting time. Also, for each run of experi-

ments, the readings of different thermocouples were recorded in isothermal

operation before rising the power of heating element.

For every run of experiments, the following procedures were taken

(1), Start the loop and wait for establishment of steady-state operating

regime by observing the readings of thermocouples and flowmeters.
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(2), Measure the purity of the sodium in the loop.

(3), Regulate the flowrate in the test section to a prescribed value.

(4), Adjust the temperature of flowing sodium to a prescribed value.

(5), Verify the sodium level in the expansion tank.

(6), Record the readings of thermocouples at the six stations, inlet and

outlet of the test section, and the reading of flowmeter, in isother-

mal regime after waiting a prescribed time.

(7), Raise the power of heating element to a prescribed value and record

the power of supply.

(8), After waiting a prescribed time to establish a steady-state condi-

tions, measure the radial temperature profiles for different axial

positions by changing the axial displacement system. At least

thirty readings are taken over an interval of about five minutes.

In the course of measuring the temperature profiles, the power readings,

flowrates and ambient temperature were recorded repeatedly.

The experiments were made for the Reynolds numbers ranging from 6,000 to

60,000, inlet temperature from 230°C to 450°C.

~l

5.7. Data Reduction

The local heat transfer coefficients can be evaluated from the measured

temperatures, flowrate and power input.

In the thermal entrance region, the heat transfer coefficient varies along

the length of the annular channel and ultimately attains a fully developed

value at sufficiently large downstream distance.
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The maximum difference in the temperature between the liquid sodium near

the inner wall and that near the outer one is only on the order of 20°C,

and the change in temperature from the inlet to the thermal fully deve-

loped position is about 20°C, hence constant physical properties of liquid

sodium could be assumed compared to the high operating temperatures (230°

- 450°C).

The local heat transfer coefficient is defined by the following relation.

q(x) =

where q(x) heat flux

h(x) local heat transfer coefficient

t temperature at the wall

t, mixing mean bulk temperature
ox

q(x)
then h(x) =

For constant heat flux distribution, the heat flux is calculated by

P q

q(X> = — (5.7.-1)

where P power input

L length of heated section

q, heat loss per unit length of tube

Yi radius of heating element

Y2 outer radius of annulus

The heat loss from the outside of the tube to surroundings is evaluated

taking account of the series resistances of the insulation, the forced

convection in the channel and the external natural convection, with (T»

- t . ) as the thermal potential.
3X3T
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5.7.1. Bulk temperature

The mixing mean bulk temperature of fluid is fined as

V2

J tU 2fly dy
t- — Li
b fy2

J
y l U 2ny dy

n(yl-y?)v
to 2ny dy

where V mean velocity in the channel

From the balance between heat transport rate in the axial direction and

radial heat transfer rate, one has

3
— J"Yz Cpp (t-to)U 2ny dy = 2nr,q
9X Yi

where q heat flux at the inner wall

t0 inlet temperature of the heated section

Integrate the both sides

V2 ZITYiXq ,
P tU 2fly dy = + t 0 J U 2ny dy

Y

+ nvto(yl-y?)
Cpp

Finally, we obtain

U = + t 0

CppVCyfyf

+ t 0

CppG (5.7.1-1)

L
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where G volumetric flowrate

X axial distance

D diameter of heating element

The heat flux q may be calculated by Equation (5.7.-1).

Therefore, the mixing mean bulk temperature can be evaluated from the

measured power of heating element, flowrate and inlet temperature.

5.7.2. Wall temperature

The wall temperatures are obtained by extrapolating the temperature pro-

files to the wall.

However, because of higher thermal conductivity of liquid sodium, the

temperature profiles do not vary sharply near the wall as the ordinary

fluids do. The temperature varies quite linearly near the wall for liquid

metals. The experimental results of BROWN et al. (155) and the previous

analytical results showed this situation.

Therefore, it is possible to use the extrapolation method to obtain the

wall temperature.

5.7.3. Heat loss

The heat loss from liquid sodium of the test section to surroundings can

be evaluated as following.

Neglecting the temperature-dependance of thermophysical properties, the

heat conduction equation for the tubes and the insulation is

3t 32t 1 3t
Cpp — = k( + ) (5.7.3-1)

3t 3y2 y 3y
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For steady-state, Equation (5.7.3.-1) becomes

d2t 1 9t
+ = 0

dy2 Y 9Y
C5.7.3.-2)

The boundary conditions can be written as (Fig. 5.7.-1)

9tIkI ~1 3V

3tii

TFY3

= ^ a (tNa "

dt
- k. II

II

Where h,. forced convection heat transfer coefficient in the flowing sodium

h external natural convection heat transfer coefficient of air

Y2 outer radius of annulus

Y3 inner radius of insulation

Y4 outer radius of insulation

subscripts I, II refer to the tubes of annulus and the insulation,

respectively

subscripts Na, a refer to the flowing sodium and air, respectively

Finally, the following relation can be obtained.

?3
In — +

2nkII

Y4
In — +

Ys Y4

(5.7.3.-3)
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i.e. the overall thermal resistance is

1 1 Ya 1 Y4 1
R = + In — + In — + (5.7.3.-4)

271 ^2 hjja 2n kj y2 2n ku y3 2n y4 \

which is a function of the temperature and velocity of flowing sodiua

We determine the overall thermal resistance by experiaental method.

Therefore, the following parameters were measured for isothermal flow.

(1), Inlet temperature of the test section

(2), Outlet temperature of the test section

(3), Ambient temperature around the test section

(4), Flowrate

Because the temperature difference between flowing sodiua and surroundings

is much greater than the inlet-outlet temperature difference, one can sup-

pose an uniform distribution heat loss along the tube. Therefore, froa the

heat balance the heat loss can be evaluated as

(t._ - t ) Cp p G
^ 2 2 H t (5.7.3.-5)

where G volumetric flowrate

L length of the test section

t. inlet temperature

t outlet temperature

Then, the overall thermal resistance can be calculated froa Equation

(5.7.3.-3).

The measurements were carried out for different flowrates. Therefore, we

obtained the overall thermal resistance as a function of flowrate. •..-..

Finally, the heat losses can be evaluated for different operating condi-

tions .
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5.7.4. Leak flowrate

Because there are clearances between the outer tube of the annular channel

and the jacket of test section as well as in the canals of thermocouple

wires (Fig. 5.4.-3) it is necessary to estimate the leak flowrate through

these passages.

Semi-empirical relations can be used to accomplish the estimation.

The Fanning equation for pressure loss due to friction in a circular duct

may be written as following form.

A pV2

dp = - - dx (5.7.4.-1)
D 2g

For a duct in which the friction factor and velocity head remain relati-

vely constant, we can write

I pV2

Ap = A - .
D 2g

(5.7.4.-2)

pV2

2g

I
where t, = A —

D

For a duct or passage that does not have a circular cross section, hydrau-

lic or equivalent diameter can be used in the above equation. This is

defined as four times the ratio of the cross-sectional area to the wetted

perimeter
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For an annular duct

n (D2
2

DH -
4 7t (D2

= D2 - Dt (5.7.4.-3)

For pressure losses due to causes other than friction, such as changes

in cross section, duct shape etc, Equation (5.7.4.-2) is also applicable

providing an empirical loss coefficient for these shapes.

With this approach, it is possible to evaluate the leak rate in the clea-

rance and the thermocouple wire canals.

5.7.4.1. Leak rate in the canals of thermocouple wires.

According to Equation (5.7.4-2), the flow velocity in the canal can be

written as

2gAP
V =

where AP total pressure drop in the canal

V mean velocity

X, pressure loss coefficient

According to [210], the pressure loss coefficient is evaluated by

Fo Fo lo
= 0.5 (1+—) + (1 ) 2 + X —

Fl Fl dH

n
4 (ajbj - Z 4

where dj, =
2 (a! + bx) + Z n
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Fx = aab! (Fig. 5.4.-3)

Fo = ajbj - Z J d /

A loss coefficient of equivalent tube

lo length of the canal

alf b1 dimensions of the cross section of canal

Z number of thermocouple wires in the canal

dj, diameter of thermocouple wire

Therefore, the leak rate is

Q1! = AV

- Z J d/) V

5.7.4.2. Leak rate in the annular clearance

The mean velocity in the clearance can be evaluated by

2gAP
V =

lo

<J *•— P
DH

where A. loss coefficient

lo length of annular clearance

Dj, equivalent diameter of annular clearance

AP total pressure drop in the clearance

Similarly, the leak rate is

Q' 2 = AV

= n ( V 2 " Yi12) V

The calculations revealed that the inlet and outlet pressure drops are

negligible compared to the pressure drops in the clearance and wire canals.
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Finally, the total leak rate is

Q' = Q'i + Q«2

where Q'j leak rate in the annular clearance

Q'2 leak rate in the thermocouple wire canal

Table 5.7.4. illustrates the leak rate in various thermocouple stations

for total flowrate of 1.498 x 10"3 «3/S (Re = 10s).

It can be seen from the table that the maxium leak rate (at the sixth

station) is only 0.075 percent and can be neglected.

TABLE 5.7.4. LEAK RATE IN THE TEST SECTION

Number of station Leak rate (m3/S) Percentage (%)

1 4.021 x 10"7 0.027

2 5.449 x 10"' 0.036

3 6.877 x 10"7 O.O46

4 8.305 x 10"7 0.055

5 9.735 x 10"7 0.065

6 11.161 x 10"7 0.075

5.7.5. Parameters representing the results

Combining with the physical properties of the fluid and the geometry of

the test section, the obtained results can be represented by the following

dimensionless forms.
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Nu

Py

Re

Z =

p —

hDe
=

k

Cpji
c

k

DeV
s

V

X
—
De

Nusselt number

Prandtl number

Reynolds number

Dimensionless axial distance

Dimensionless radial distance
Y2-Y1

Diameter ratio of the annulus A = —

As shown previously, in most cases, the change of fluid temperature in the

thermal entrance region is small, especially compared to the higher opera-

ting temperature, therefore, the entrance mean bulk temperature was used

to calculate the properties of the fluid.

The prpperties of liquid sodium were evaluated according to the formulas

proposed by Technology and Energy Department of Nuclear Energy Study

Center in MOL, which are

p = 948.5 - 2.101 x 10"1 t - 3.69 x 10-s t2 (kg/a3)

1 0.7398

» = 1.1416 x ID'S p 3 e 273.15 + t
(kg/us)

Cp = 1.436 x 103 - 0.5807 t + 4.6306 x 10"4 t2 (WS/kg.°C)
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k = 100.004 - 128.104 x 10~3t + 224.1593 x 10"6 t2 - 256.2951 x 10"9 t 3

+ 110.8149 x 10"12 t4 . (W/m.°C)

v = M/p (m2/S)

As to the equivalent diameter in the Nusselt number and the Reynolds DIM-

ber, it should be pointed out that there were divergences in literatures

for the case of heat transfer in annular duct.

CHIEN (94) used the core diameter as characteristic length of Nusselt num-

ber, while the hydraulic diameter of the annulus (D. * D 2 - Di) was used

as characteristic length for both the Reynolds number and the dimension-

less axial distance.

DAVIS (174) et al. used the core diameter in both the Nusselt number and

the Reynolds number.

However, in most of other studies, the hydraulic diameter was used as

characteristic length in both the Nusselt number and the Reynolds number.

Because the Nusselt number is related to heat transfer of the heated

section, it is reasonable to use the diameter of the heating core as

characteristic length for the case of higher diameter ratio of annulus,

but for moderate or small diameter ratios, it is more reasonable to use

the hydraulic diameter.

In our work, the hydraulic diameter is used as characteristic length in

both the Nusselt number and the Reynolds number.

5.7.6. Estimation of temperature measurement errors produced by the lead

wire of thermocouples

There are a variety of factors which can cause deviations between the

thermocouple output and the actual temperature at the measured point. The

presence of the thermocouple itself may modify the thermal conditions at

the point and in its surrounding, thereby altering the temperature dis-

tribution. This happens when heat is conducted to or away from a thermo-

coumple junction through the lead wires.
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First, we consider a simplified case : the wire is covered by an annular

layer of insulation. We investigate the axial and the transverse heat

transfer.

For the wire itself, it is reasonable to assume that the temperature does

not vary in the cross section, so t = t(x) alone. On the other hand, for

the heat transfer through the insulation, the temperature variation is

assumed to be purely radial.

Therefore, the following relation can be obtained.

dt
Qx = -k A — (5.7.6.-1)

w w dx

where kw thermal conductivity of wire
Aw cross-sectional area of wire
t local temperature in the wire

The radial heat flow is given by

2 7t ki (t-ts)
dQ = dx (5.7.6.-2)

* yi
In (—)

yw

where ki thermal conductivity of insulation

ts temperature on the outer surface of insulation

yi radius of insulation

Yw radius of wire

Under steady-state conditions, the radial heat flow dQr is equal to the

convective heat transfer at the surface. Then, one has

dQY = h (t - t.) 2n Y- dx (5.7.6.-3)
S I X

where t, temperature of the fluid

h convective heat transfer coefficient
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Combining Equation (5.7.6.-2) and (5.7.6.-3), we have

(t-t ) dx
dQv =

/yw)
±

27t Y- h 2n k-
*i l

(t-tf) dx

where R denotes the thermal resistance

t-tf temperature difference between the wire and fluid

Now make the following substitution

T = t-tf

Then, one has

dT T

X W W dx ^ R

dQx dT d2T
Q ^, = Q + dx = - k A k A dx
x+dx x . w w , w wdx dx

From the

k tw

Denote

Then

heat 1
d2T

d2T

dx2

m2 =

d2T

dx2

balance
T

dx = -
R

1

w
1

A k Rw w

• m 2T =

, one has

dx

T = o

0

(5.7.6.-5)

(5.7.6.-6)



With the following boundary conditions

when x = o

T = t - t = To
o f

when x = L

dT
k —
dx x=L x=L
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the solution can be obtained as

T = T

chm (L-x) + — shm (L-x)
mk

chmL + — shmL
mk

For x = I

T = To

chmL + — shmL
mk

(5.7.6.-7)

(5.7.6.-8)

Therefore, the temperature at the thermocouple junction is expressed as

t - t.

to "

(5.7.6.-9)

chmL + — shmL
mk

where temperature at the thermocouple junction

_ temperature of fluid

to temperature in the support position of thermocouple

L length of thermocouple lead wire

h. convective heat transfer coefficient at x = L
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However, Equation (5.7.6.-1) may somewhat underestimate the axial conduc-

tion. An alternative representation which overestimates Qx, is obtained

by replacing k A by the quantitiy (kA) (216).

(kA)e = k.A. (5.7.6.-10)

where A. cross-sectional area of insulation

k. thermal conductivity of insulation

Actually, the lead configuration of thermocouple involves two wires. The

wires have identical radius Y •> but different thermal conductivities k

and k „. Under the assumption that the wires have the same temperatures

at a given axial position X> the axial conduction of heat may be repre-

sented as

dt
Qx = - (kA)'e

where

(kA)'e =

dx
(5.7.6.-11)

(5.7.6.-12)

Adding terms k.A. for the insulation to Equation (5.7.6.-12) overestimates

the axial conduction.

To model the transverse conduction from the wires to the outer s"-f~ " " ~

the insolation, consider an equivalent composite cylinder consisting of a

central wire and an annular layer of insulation.

The equivalent inner rzdius is defined as

Yo =

Substituting the equivalent radius into Equation (5.7.6.-9), the error in

temperature measurement can be estimated.
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Finally, the calculation indicated that the maximum temperature measure-

ment error produced by lead wire is less than 10 SoC and is negligible.

It can be shown that for heat transfer in gases, errors produced by the

conduction of lead wire of thermocouple are appreciable. However, for

liquid sodium, due to its higher thermal conductivity, the influence of

conduction by lead wire can be neglected compared to the heat transfer

in liquid sodium.

5.7.7. Correction for the influence of thermocouple station

Due to the finite dimensions of the thermocouple stations and the pin sup-

ports of heating rod, there are influences of the preceding stations and

supports on the next ones.

Because the stroke of axial displacement system for the heating rod is

greater than the distance between successive thermocouple stations, mea-

surements for the axial positions corresponding to the extremities of

stroke can be made two times with two successive thermocouple stations

respectively. Therefore, with the differences between the values measured

by two stations, the influence of the preceding station on the next one

can be corrected for each station.

5.8. Time-dependent Temperature evolution in the Channel of liquid sodium

The behaviors of time-dependent temperature evolution in the channel of

liquid sodium is of interest for the safety study of fast reactor.

In order to study the time-dependent behaviors a periodic variation of

heat flux at the surface of heating element was produced.

With the periodically changing heat flux, the temperature evolution in the

channel of liquid sodium was measured with thermocouples.
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According to the calculations in Paragraph 4.14., the variables of experi-

ments are

flowrate : 0.09 - 0.84 1/S

Frequency : 0.25 - 0.0167 HZ

5.8.1. Experimental apparatus

The experimental apparatus are as following

(1), Test section

(2), Flowmeter

(3), Power-measuring device

(4), Low pass filter

(5), Amplifier

(6), Fourier analyser

(7), Power supply

(8), Function generator

The periodic variation of heat flux of the heating element is provided by

the power supply ALSTHOM.

The maximum power that the supply can furnish is 110 KVA. The variation of

power is realized by the thyristor circuit. The maximum frequency of the

equipment is limited below 1 HZ.

The instruction signals to the power supply come from a Hewlett-Packard

Model 3310 Function Generator. Therefore, the amplitude and frequency of

power variation can be regulated.

In virtue of the thermocouples at six thermocouple stations, the tempera -

ture evolution can be observed for various axial and radial positions.

The time constant of the thermocouples employed in the experiments is

of 0.03 sec. Comparing with the time constants of measured temperature

evolutions in the channel, time lag errors of thermocouples may be neglec-

ted.

1

i
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5.8.2. Experimental procedures

In our experiments, first a steady state condition of operation was esta-

blished. Then, periodically varying heat flux was produced. The measure-

ments were made for different flowrates and frequencies.

The procedures of experiments are

(1), Start the loop,

(2), Regulate the flowrate in the test section to a prescribed value,

(3), Adjust the inlet temperature of the test section,

(4), Raise the power of heating element to a prescribed value to establish

a steady state heat transfer regime,

(5), After waiting for stabilization of the temperature field in the chan-

nel, change the power of heating element with a prescribed period,

(6), Simultaneously record the variation of the readings of power supply,

flowmeter and thermocouples.

The measurements were repeated a few times for each frequency and flow-

rate.

r
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5.9. Results of Experiments

5.9.1 Results of the main experiments

The measured temperature distributions are shown in Fig. 5.9-1 to 5.9-5

and Fig. 5.9-15 for the Reynolds numbers ranging from 6,000 to 60,000,

where the radial distances are expressed in dimensionless radius R •

It can be seen from the figures that at the beginning of channel only

the fluid near the inner wall is affected by heating, the temperature

of the fluid far from the heating rod remains unchanged. As the sodium

flows down the stream, the heating effect spreads radially and the

temperature of the fluid in the outer portion rises, too. While the

temperature of the outer fluid begins to increase, the temperature

profile is not yet fully established. It continues to change with in-

creasing axial distance. At a sufficient long axial distance, which is

dependent of the Reynolds number, the shape of temperature profile

becomes unchanged and the fully developed regime is approached. When

the fully developed profile is established, the straight line parallel

to the abscissa disappears and the temperature gradient with respect to

axial coordinate becomes uniform across the cross-section.

It can be seen that the axial distance for establishing a fully deve-

loped temperature profile increases with the Reynolds number. For Re «

10,000 at an axial distance of 5 De (equivalent diameters) the tempera-

ture profile is established, while for Re « 50,000 an axial distance

more than 20 De is necessary to obtain a fully developed profile.

Fig 5.9-13 shows an extrapolated temperature distribution at the rod

surface. Near the beginning the wall temperature increases quickly with

axial distance. At the same figure a line representing the bulk tempe-

rature distribution is shown together. It can be seen that after a

sufficient axial distance the vail temperature distribution becomes

parallel to the line of bulk temperature. This corresponds to the situ-

ation of unchanged temperature profile shape.
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The thermal boundary layer is thin near the entrance. At Z « 0, the

boundary layer thickness is zero, so that the heat transfer coefficient

is infinite at the entrance.

As the liquid sodium proceeds along the channel, points of the outer

portion will fall more and more to an amount below the mean fluid tem-

perature, while points near the rod surface will rise more and more

above this mean temperature. Since the sodium temperature at the inner

wall is equal to the tube temperature, the temperature difference be-

tween the wall and the fluid must attain some limiting value as heat is

added to the sodium. That is, it means that the heat transfer coeffi-

cient must diminish to some limiting value as one proceeds along the

channel.

Fig. 5.9-6 to 5.9-11 show the variations of local Nusselt numbers with

the axial distances Z - X/De. It can be seen that at the beginning

(Z •*• 0) the local Nusselt numbers approach infinite; as the axial dis-

tances increase, the loc?\ Nusselt numbers diminish quickly. However,

the change rate of local Nusselt number decreases with increasing axial

distance and finally the local Nusselt number approaches to a limiting

value. This corresponds to the fully developed situation.

The axial distance to attain the fully developed regime Is a function

of the Reynolds number, Frandtl number, and diameter ratio etc.

Fig. 5.9-6 to 5.9-9 show the influence of the Reynolds number. Unlike

the ordinary fluids, the Reynolds number has an appreciable influence

on thermal entrance effect for turbulently flowing liquid sodium.

The local Nusselt number increases with increasing Reynolds number.

From the figures it can be seen that in the thermal entrance region the

Reynolds number has more influence on the local Nusselt number than

that in the fully developed region. This is because the growth of ther-

mal boundary layer in the thermal entrance region is heavily affected

by the Reynolds number. It can be clearly seen from Fig. 5.9-1 to

5.9-5.
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The thermal entrance length Is also considerably Influenced by the

Reynolds number. For Re « 6,000 at an axial distance of 2 De the Nus-

selt number approaches to 105 percent of fully developed value and at Z

• 3 De to 101 percent of the fully developed one. However, for Se • 5 x

101*, an axial distance of 13 De Is necessary for the Nusselt number to

become 105 percent of the asymptotic value and at Z - 25 De it ap-

proaches to 101 percent of the asymptotic one.

The following table gives the values of the thermal entrance length for

various Reynolds numbers.

"CABLE 5.9-1 : Thermal entrance length

Pr - 0.0054

Reynolds number

6,000

8,000

10,000

20,000

50t000

60,000

Thermal entrance length

(equivalent

for Nux/Nud-1

2

2.7

3.2

6

13

13.5

diameters)

05 for Nux/Nud-1.01

3

4 .

5

12

25

25

Fig. 5.9-10 and 5.9-11 show the influence of the Prandtl number. It can

be seen that the local Nusselt number increases with increasing Prandtl

number. However, in the studied range of Prandtl number, the Prandtl

number has only a little influence. This is in agreement with the

theoretical conclusion.

Fig. 5.9-12 shows the effect of heat flux at the surface of heating

rod. An increase in the heat flux essentially increases the wall tempe-

rature of the heated section, and hence the film temperature of the
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fluid. Among the fluid properties, viscosity is most sensitive to tem-

perature change. It decreases with increase in the film temperature. A

change in viscosity affects the Reynolds number more than it does the

heat transfer coefficient. From the figure it can be seen that as heat

flux increases, the local Nusselt numbers are slightly higher. However,

because of higher conductivity of liquid sodium, the difference between

the wall temperature and the mean temperature of fluid is small, there-

fore, the influence of heat flux is very small*

5.9.2. Results of the time-dependent temperature experiments

Fig. 5.9-16 shows the experimental results of temperature variation

with time for the heating power varying in the font of square wave with

a long period.

The times for temperature to attain, respectively, 63.2 percent (cha-

racteristic time) and 95 percent (response time) of the maximum values

for various Reynolds numbers are as following :

TABLE 5.9-2 : Time Constants

Reynolds number Characteristic time (sec) Response tine (sec)

for t / t ^ - 63.2 Z for t/tMX - 95 X

1

6,000 3.7 11

10,000 3.3 10

50,000 2 6

It can be seen that the time constants for the temperature evolution in

the channel decrease with increasing Reynolds number. This may be at-

tributed to the enhancement of the eddy diffusivity of heat with in-

creasing Reynolds number.



236.

Fig. 5.9-17 gives a temperature evolution for the heating power varying

with a shorter period (T - A sec, Re • 6000). It can be seen that for

shorter period the mean level of temperature increases with time and

finally approaches to an asymptotic value. In the same figure is shown

the temperature variation for the heating power varying with a period

of 60 sec (dashed line). It can be seen that the mean level for

T - A sec attains the asymptotic value after about 11 sec. This is the

time which is necessary for the long-period temperature evolution to

approach to 95 percent of maximum value (response time of the system).

However, the amplitude of temperature variation will become smaller as

the half-period is less than the response time.

In Fig. 5.9-18 are shown the comparisons of the results calculated with

the code BALTA (see Appendix) and those of experiments. The results are

generally in agreement.

5.10. Error Analysis

The heat transfer coefficient is computed by the following equation.

(5.10-1)

where the heat flux is determined by the heating power

the bulk temperature is evaluated by heat balance

the value of the surface temperature is obtained by extrapolating

the measured temperature data.

Experimental errors may be estimated on the basis of Equation (5.10-1).

Here the heat transfer coefficient is seen to be a function of heat

flux q, wall temperature tw, and bulk temperature tb, all of

which are determined from experimental data.
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Mq, tw, t b )

dh « £*• dq + f £ - dt6q ^ St | 5 d t .w 3t , bw b

f <5 '1 0-2>

From Equations (5.10-1) and (5.10-2), one has

Ah Aq At - At.w b

Finally, the maximum error must be expressed as the sum of absolute

values of the individual errors.

Atw is taken as 0.2°C.

Since the bulk temperature is obtained by

t - t i n D x

PP

then Atb - At0 + Ag

w h e r e 8 *
H D X

g q
I &q I + U x | | AD| I AG|
q X D G
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Here the errors of physical properties are not included in the estima-

tion of precision.

Neglecting heat loss, the heat flux is evaluated by

P

Therefore, we have

M 1 Apl . I ADI .
q P D L

The errors in tl,c Nusselt number can be evaluated as

A Nu )Ahl I API
Nu " h D

Finally, the experimental errors for the local Nusselt numbers are

obtained as following :

TABLE 5.10 : Experimental Errors

Reynolds number Axial distance Errors

(equivalent diameters)

ltf* 1 7 %
5 62

5x10" 2 9 7.

10 7 %



239.

CHAPTER VI

DISCUSSION AND CONCLUSIONS
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6.1. Comparison of Theoretical and Experimental Results

Fig. 5.9-14 and 5.9-15 give the comparisons of the local Nusselt num-

bers and temperature profiles between theoretical and experimental

values.

A reasonable agreement can be seen from the comparisons.

However, for higher Reynolds numbers, the experimental data of the

local Nusselt number become more scattered. This is because at higher

Reynolds numbers the differences between the wall temperature and the

mean temperature of fluid become smaller, especially in the initial

portion of thermal entrance region, therefore the experimental data

have more uncertainty.

6.2. Comparison of Fully Developed Values of the Nusselt Number

Because the experimental data for heat transfer to liquid metals in the

thermal entrance region of annulus are not available in literature's,

the comparison is only made for the fully developed values of the Nus-

selt number.

For the fully developed cases, the data for annulus obtained in present

experiments can be expressed in the following relation :

Nu - 5.75 + 0.022 Pe0'8 (6.2-1)

Fig. 6.2-1 gives the data of present measurements and the curve of

Equation (6.2-1).

In the same figure are presented the experimental results of V.I. SUB-

BOTIN, P.A. USHAKOV and I.P. SVIRIDENKO for heat transfer to mercury in

annular ducts of dj/dj - 1.09 (222), the experimental results of V.M.

BORISHANSKIY, T.V. ZABLOTSKAYA, V.L. NEMIROVISKIY and E.V. FIRSOVA for
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d2/dx - 1.35 - 1.54 (227) and those of R.A. BAKER and ALEXANDER

SESONSKE for NaK, d2/d1 = 2 (148).

From the figure it can be seen that the present data are in better

agreement with those of BORISHANSKIY et al., and for higher Peclet num-

ber they are about 7 % lower than the data of BAKER.et al. and about 4

% higher than those of SUBBOTIN et al.

Considering that in the experiments of BAKER et al. and SUBBOTIN et al.

there were no sections for preliminary hydrodynamic stabilization and

the diameter ratio for the experiments of SUBBOTIN et al. was smaller,

the agreement between these experiments is better.

6.3. Conclusions

In present study, the effect of thermal development on heat transfer to

liquid sodium has been investigated.

The heat transfer characteristics for liquid sodium and various factors

affecting heat transfer in the thermal entrance regions i.e. Reynolds

number, Prandtl number, velocity field, axial conduction, natural con-

vection, diameter ratio, as well as wetting and gas entrainment etc.

have been discussed in detail;.

A theoretical solution for heat transfer to liquid sodium in the ther-

mal entrance region and fully developed region of annulus has been

developed. The solution has been extended to rod bundle geometry. Fi-

nally, an asymptotic solution has been obtained for the initial portion

of thermal entrance region.

Experimental investigations were made in a liquid sodium loop. An an-

nular channel was used to investigate the effect of thermal development

on heat transfer from rod element to liquid sodium. The experiments

were carried out for the Reynolds number ranging from 6,000 to 60,000

and the Prandtl number from 0.0047 to 0.0069.
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The agreement between the theoretical and experimental results is

reasonable.

From the above investigations, the following conclusions can be de-

rived :

(1) The heat transfer characteristics in the thermal entrance region

for turbulently flowing sodium are quite different from those of

ordinary fluids. The thermal development effect for turbulent flow

of liquid sodium is much more intense than ordinary liquids.

(2) The Reynolds number has an appreciable influence on heat transfer

to liquid sodium in the thermal entrance region. The local Nusselt

number increases with increasing Reynolds number.

(3) The thermal entrance length for turbulent flow of liquid sodium is

much longer than that for laminar flow. It increases with the Rey-

nolds number for the studied range of experiments.

(4) For the practical case, the Prandtl number has only a little influ-

ence on the local Nusselt number for liquid sodium.

(5) The effect of heat flux at the wall on the Nusselt number can be

neglected.

_ J
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APPENDIX : A Collocation Method Applied to Unsteady

Thermohydraulic Problems in Annular Geometry (83)

(CODE BALTA)

The general form of the heat transfer equation in the channel can be

written as :

U» 0 in the core and cladding regions

Kg » k + pCpE^ effective thermal conductivity.

The boundary conditions are (Fig. 5.7-1) •

at Y * 0 f— " 0 (A-2)

at Y " Y2 S * - ke •g— = 0 (A-3)

at x - 0 T(Y, x) - To For Yx < Y < Y2 (A-4)

Introduce the following transformations :

39 , oT

&T &Y (*"5)

d 4- - k dT (A-6)

Then Equation (A-l) becomes

o ox o 8X " Y &Y Y&Y

~l
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Divide radially the core, cladding and coolant regions in NRCR, NRCL

and NRCO intervals, respectively (NR - NRCR + NRCL + NRCO). Approximate

radially the functions T(y, X, •%), 0(y» X, T) and <|»(Y» X» *) respecti-

vely by Hermite cubic piecewise-continuous polynomials as :

U(y

(X,

, x, x) - 0.

sx (i - s )
Y

T)

+ J

S 0 C1

'i FT"

- S
Y> + vi

1 (X, T) Sj

[ + 1(x, T)

L ( S Y )

0 y
au

(A-

With U = T, 6 or 4<

in each interval (y±, Y 1 + 1)

hI "

S0(SY) = 3 S
2
y - 2 S

3

Sy - (Y "

si(sY) = - s
2
y + s

3

Introducing these approximations in the heat transfer equation and

collocating at the radial Gaussian points, one obtains 2 equations for

each interval :

, i !!i±i + bi ! ! i . . i ^± + Ai !Vi L + Ai i + i . Bi ! \
a12 3T D 1 1 5T

 D12 8X A 1 1 6X A12 dX all 6X

T ? + c n e i + i + c i 2 s i + i + d n e i + d i ' 2
 s i

. i i + i . . i a T i + * ^ i . Ai S T i + i . Ai » i + i . B i
a22"~a7" D21~BT+ b22~oT+ A 21~oT" + A22~3X~ B21
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with

S represents the total radial heat flux, while 9 represents its contri-

bution due to conduction at rest.

Proceeding likewise with Equation (A-5), one obtains the following

relation :

" 9i " V - (A-ll)

with mj - j (ke(Yn) + ke(YI2»

YI2 Gaussian points

•2 " "
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Moreover

kei

After eliminating 6^ and Sj Equations (A-9) and (A-10) become

&Ti+l
BTi+l

STi
i2

ii Ti+i
 + c ' u

&Ti+i
a
22"~aT

aT

A
i+i aTi

B22i~~5x~+ A22"~a3T+ B2i"Sx

o$

2"5i + c n Ti+i + cn *i+i + d n Ti +
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The radial integration of the heat transfer equation leads to the x-X

differential system.

, x) + Ex |J (x, x) + Fy (x, t) - i (x, T) (A-14)

Divide axially the channel in NX intervals and approximate axially

vector y (x, x) in each interval (X., X.+^) by a quadrate

trial function.

7 (x, T) - y. (x) + (x - (x) + | (x - X j ) 2 Sj (T) (A-15)

and Sj respectively approximate the first and

second axial derivatives of y at x X i .

Introducing (A-15) in (A-14) and collocating at the axial Gaussian

points, one obtains for each interval a time differential system :

(A-16)

Where AJ and BJ are matrices of dimensions (4NR x 4(NR+1))

Cj is a vector of dimension 4NR

5j * ^Pjl' Sjl* ^J2» sj2 ••* PJNPAR

^iNPAR^ (unknown parameter vector)

with NPAR - 2(NR+1)
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The knowledge of y. allows to calculate Pj and

J>. by resolution of (A-16) in (Xj, XJ+J^) and thus to

calculate y.+1 by means of (A-15). Since axially the problem

(A-14) is an initial value problem, it means that Equation (A-16) can

be solved recurrently level after level.

Equation (A-16) is a non linear system. It is "linearized" by assuming

that Aj and Bj, and thus ETj]_, Exjj and Fj^ of

which depend A., B.,, are constant in each time integration

interval.

The implicit Euler method is used at each, time interval

t o integrate this system.

Finally, it can be written in the form :

(A-17)

with C = A + Ax B
J J J

1 « 1,2

m » 1, 2, , 2NR

Ax - x
k+1

Since the problem is axially an initial value problem, the vector y

and thus the temperature distribution are known at the entry of the
channel.

In the coolant region, the temperature distribution is determined from

the conditions T(y, Xo, t) » To and S(Y 2, X , T ) » 0.
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