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An experimental investigation was conducted for natural con-

vection heat transfer in an array of uniformly heated vertical cylinders

in mercury. The test section consisted of seven electrically heated

cylinders of 1.365 inch diameter and 3.825 inch heated length

arranged in an equilateral triangular pattern. In order to preclude

side flow effects, each seven pin bundle was surrounded by an

enclosure tube with unheated half cylinders attached to the tube.

Temperatures were measured with a stretched wire thermocouple

probe which was designed to minimize flow disturbance effects.

Four geometries were studied: the single vertical cylinder

(P/D =m), and three bundle spacings, P/D = 1.5, 1.3, and 1.1,

where P/D is the pitch-to-diameter ratio. The heat transfer results



are presented in terms of the local Nusselt number and local modified

Grashof number with the range on the Grashof number being 105 <

Grx < 1010. The stretched wire probe results for the single cylinder

are in agreement with those taken with an L-shaped probe and with

previous experimental work. The bundle results were found to

depend parametrically on both the heat flux and cylinder spacing.

For the range investigated, the spacing effect was found to be much

more significant than that of heat flux. The heat transfer results

were found to depend significantly on circumferential position for

P/D = 1. 1, however circumferential dependence for the wider bundles

was negligible. Rod-average correlations for the four geometries

are also presented.

The characteristics of the fluid temperature field were also

studied. The trends observed in the mean temperature profiles for

the various conditions are in agreement with those expected for

this confined flow situation. In addition, fluctuations in the fluid

temperatures were encountered and recorded. The trends shown by

these disturbances are similar to those found for the previously

studied vertical channel. The fluctuations were of largest amplitude

for P/D = 1. 5, while those for P/D = 1.3 were slightly less severe,

and those for the single cylinder and P/D = 1. 1 were negligible.

The flow regimes thought to be encountered were the unstable laminar

regime for P/D = 1.5 and 1.3, and the stable laminar one for the

single cylinder and P/D = 1. 1.
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AN EXPERIMENTAL INVESTIGATION OF NATURAL
CONVECTION HEAT TRANSFER FROM AN ARRAY

OF UNIFORMLY HEATED VERTICAL
CYLINDERS TO MERCURY

I. INTRODUCTION

The work described in this thesis is part of an ongoing experi-

mental research project at Oregon State University aimed at studying

natural convection in liquid metals. This topic has received con-

siderable attention in recent years because low Prandtl number

fluids (liquid metals) are known to have high coefficients of heat

transfer in comparison with more ordinary fluids such as air or

water. It is precisely for this reason that liquid metal free

convection-cooling is finding increasing applications, e.g. in nuclear

reactors and heat exchangers.

The motivation for the OSU project is twofold. First, the

U. S. Atomic Energy Commission is interested in liquid metal natural

convection for making safety calculations on the liquid metal-cooled

fast breeder reactor (LMFBR) which is a high priority AEC program.

In the rather unlikely event of pump failure, cooling of the fuel rods

in the reactor core would depend on the mechanism of natural

convection. Secondly, there has been very little experimental

verification of analytical natural convection solutions for fluids with

Prandtl numbers in the liquid metal range. Several such solutions



for various geometries and boundary conditions have been reported

in the literature, but the validity of some of the simplifying assump-

tions for low Prandtl number fluids has been questioned. An experi-

mental investigation of liquid metal natural convection is thus

pertinent from both the practical and academic standpoints.

The A. E. C. project at OSU was begun by White (64) who

investigated laminar natural convection from a single vertical plate.

White decided upon mercury as the liquid metal heat transfer medium,

and this is the fluid which has been used throughout the project.

Hurt (26) made some basic improvements in the hot film anemometry

used to measure the low velocities encountered in natural convection

in mercury. These improvements were incorporated by Colwell (9)

who studied the laminar natural convection regime in a channel formed

by two vertical parallel plates open at both the top and bottom. Wiles

(65) investigated the cylindrical geometry by obtaining laminar heat

transfer results for three sizes of vertical cylinders. Most recently,

the laminar, parallel plate channel results of Colwell were extended

to include the transition and turbulent regimes by Humphreys (25).

The progression of geometries studied, therefore, has been

the single vertical plate, the vertical parallel plate channel, and the

single vertical cylinder. However, none of these directly model the

configuration in the core of the LMFBR. The typical geometrical

arrangement in advanced liquid metal-cooled reactor cores consists
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of a large bundle of vertical, cylindrical fuel rods arranged in an

equilateral triangular array (13, 14) as shown in Figure I. 1. The

dimensionless geometrical parameter used to characterize these

arrays is the pitch-to-diameter ratio, P/D. Values as low as

P/D = 1. 05 have been considered. The spacing chosen represents

a compromise between the nuclear physicist, who wants small

values of this ratio for neutron economy, and the larger spacings

preferred by the design engineer for thermal and mechanical

reasons. The fuel pins are generally on the order of 0. 25 to 0. 50

inches in diameter and up to seven feet in length. Under normal

conditions of LMFBR operation, the liquid metal coolant is pumped

through the narrow interconnecting channels between the fuel rods.

The objective of this study was to investigate the natural

convection heat transfer from an equilateral triangular array of

vertical cylinders to mercury. The boundary condition imposed was

that of constant and equal heat flux on each of the cylinders. Three

bundle spacings were used: P/D = 1. 1, 1. 3, and 1. 5.

To obtain heat transfer results for these close cylinder

spacings, a new thermocouple probe was designed and used. To

justify the use of this probe, extensive single vertical cylinder heat

transfer data was taken with this probe and compared to that taken

with a more conventional probe and with the results of Wiles (65).
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Fuel
Rods

Coolant
Channels

Figure I. 1. Plan view of typical LMFBR fuel rod arrangement.

A priori, one might expect that as the array spacing is

reduced (P/D-3'.1. 00), significant circumferential variations in the

heat transfer results should appear, as is the case in forced con-

vection (37). That is, along the line connecting the centers of

adjacent cylinders (Point A, Figure I. 1), one would expect higher

wall temperatures because of the proximity of adjacent cylinders

than at points facing the coolant channels (Point B, Figure I. 1).

Therefore, the heat transfer and temperature profile results for this

geometry are expected to be three-dimensional, involving the axial,

radial, and circumferential directions.



The results to be presented here are as follows:

1. Heat transfer correlations are presented in terms of the

Nusselt number and the modified Grashof number for the

single vertical cylinder (P/D =03) as well as for the three bundle

spacings, P/D = 1. 1, 1. 3, and I. 5. In all cases the local

modified Grashof number range covered by the results is at

least 10 5 < Gr < 1010. The effects of array spacing, heat

flux, and circumferential angle on these results is examined.

2. Mean temperature profiles for the single cylinder and the

three arrays are shown in dimensionless form. The heat

flux for these profiles was fixed at q = 3000 Btu/hr ft2, and

the effects of axial and circumferential positions are

documented.

3. Because temperature fluctuations characteristic of unstable

laminar or transitional flows were encountered, strip chart

recordings of these disturbances are presented. The influence

of bundle spacing and axial and radial positions on the fluctua-

tions is also shown.

As will be discussed in the next chapter, very little analytical

or experimental work has previously been done for natural convection

in this specialized geometry. However, whenever possible, the

results described above are compared with existing theory and

experiments.
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II. LITERATURE REVIEW

Background

In natural convection, the fluid motion is driven by the inter-

action of a density difference with a force field. The density

difference may, for example, be due to the varying composition or

phase of a fluid and the force field could be the centrifugal one caused

by the rotating components of turbines or compressors. However,

the most common situation, and the one investigated here, is that

in which the buoyancy effect is due to temperature-caused density

differences, and the force field is the earth's gravitational field.

The governing equations for natural convection in this situation are

the well-known continuity, momentum, and energy equations, the

derivations of which may be found in many texts, e. g. Schlichting

(53).

Natural convection in liquid metals can be contrasted to that

in other fluids because the Prandtl number, Pr, of liquid metals is

small compared to unity, e. g. Prmercury .02. In general for low

Prandtl number free convection, relatively large thermal boundary

layer thicknesses are encountered. Also, since the Prandtl number

is the ratio of the momentum diffusivity, v, to the thermal diffusivity,

a , it follows that for liquid metals the thermal diffusivity is large
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compared to the momentum diffusivity. Thus the effect of molecular

heat conduction is propagated far from the region near the surface of

the body where the effect of molecular viscosity is felt. This, in

turn, means that the velocity field within the greater part of the

thermal boundary-layer depends mainly on inertial forces and not

viscous forces. In fact, as the Prandtl number approaches zero,

the heat transfer results for natural convection from vertical

surfaces are shown to be independent of viscosity (34), i. e.

Nu = (I) (GrPr 2
).

The simplest and most widely studied natural convection

geometry is that of a vertical flat surface immersed in an extensive,

quiescent fluid. This system is shown in Figure II. 1 with (a) the

definitions of the coordinate axes and velocity components and (b)

some typical velocity and temperature profiles. In 1881, Lorenz

(36) initiated the study of natural convection by analyzing such an

isothermal surface. Although this analysis was based on a number

of questionable simplifications, the results agree with later, more

detailed analyses for fluids with Prandtl numbers near unity. In

1930, Schmidt and Beckmann (54) experimentally investigated the

applicability of Prandtl's boundary-layer theory to the situation of

natural convection from a vertical, isothermal plate. Using the

boundary-layer assumptions, Pohlhausen (50) reduced the governing

equations to a set of ordinary differential equations which were solved



for a Prandtl number of 0.733. Because of slow convergence of

the series solution, however, Pohlhausen used the measurements of

Schmidt and Beckmann to obtain two of the boundary conditions.

Saunders (52) also carried out an analytical and experimental

investigation for natural convection from a vertical, uniform

temperature surface. The analytical technique utilized polynomial

approximations for the temperature in the boundary layer. The

experiments were carried out in water and mercury. In 1950,

Eckert (15) presented an integral solution for the vertical, isothermal

plane surface. Equations for the velocity and temperature profiles

were assumed and substituted into the governing equations. The

ensuing heat transfer results were in favorable agreement with

Pohlhausen's solution. Ostrach (49) extended the similarity

technique of Pohlhausen for the vertical isothermal wall. A

similarity transformation was utilized to reduce the continuity,

momentum, and energy equations to a set of two coupled, ordinary

differential equations. These equations were solved numerically

and results presented for Pr = 0.01, 0.72, 0.733, 1, 2, 10, 100,

and 1000.
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ST
co
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9

Figure II. 1. (a) Definition of coordinate axes and velocity components
for vertical surfaces. (b) Typical temperature and
velocity profiles.

The work described above for the vertical flat plate was in all

cases for the uniform temperature boundary condition. Beginning

in 1955, Sparrow and his associates published a remarkable series

of papers which treated other boundary conditions as well as a

wide range of Prandtl numbers. Sparrow (56) analyzed the non-

uniform wall heat flux and nonuniform wall temperature boundary

conditions for Prandtl numbers in the range from 0. 01 to 1000. The

problem was formulated by the approximate Karman-Pohlhausen

integral technique and a series solution achieved. The next three

publications (57, 59, 61) were all authored by Sparrow and Gregg.

The first (57) examined the uniform flux vertical wall. A similarity

transformation was used and the resulting ordinary differential
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equations solved numerically for Prandtl numbers of 0. 1, 1, 10,

and 100. The next publication (59)tackled the closely related problem

of the nonisothermal plate with surface temperature variations of

the form T
0

T
co

= Nxn and T
0

- T
co

= Me
mx

. Again a similarity

technique was employed and solutions obtained for Prandtl numbers

of 0.7 and 1.0 and for -0.8 < n < 3, m> 0. Sparrow and Gregg (61)

also extended the similarity solutions of Ostrach (49) for the iso-

thermal vertical surface to Prandtl numbers in the liquid metal

range. Ostrach reported a solution for Pr = 0.01 while Sparrow

and Gregg carried out numerical solutions for Pr = 0. 003, 0. 008,

0.02, and 0. 03. Later, Sparrow and Guinle (62) studied the effects

of transverse pressure gradient and streamwise second derivatives

for the isothermal vertical plate at low Prandtl numbers. A

perturbation of the classical boundary-layer formulation was

performed and solutions obtained for Prandtl numbers of 0.733,

0. 03 and 0. 003. The axial conduction term, (a 2T/ ax2) was found to

be the dominant factor in causing deviations from the classical theory.

Many other studies of the vertical plate natural convection

situation have been made. Chang et al. (6) performed a perturbation

analysis for the uniform heat flux boundary condition. The first-

order perturbation solution included effects additional to the ones

treated by the boundary-layer similarity solution (zeroth-order

perturbation). Results were obtained for Prandtl numbers of 0.03
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and 0.1. Cygan and Richardson (10) presented an approximate

analysis for low Prandtl number natural convection from an iso-

thermal vertical plate. The velocity and, temperature profiles were

approximated with simple transcendental functions and solutions

obtained for Prandtl numbers from 0 to 0.030. Kuiken (33) used

the method of matched asymptotic expansions to investigate the

isothermal vertical plate in the low Prandtl number limit. The heat

transfer results obtained by this method are explicit in their Prandtl

number dependence. An experimental investigation of the constant

heat flux vertical surface was carried out by Julian and Akins (28).

The fluids used were water and mercury and good agreement was

shown between the experiments and previous analytical work. White

(64) also performed an experimental study of natural convection

from a vertical plate to mercury. Both the uniform heat flux and

"pseudo- uniform" temperature conditions were treated, and tempera-

ture and velocity distributions presented. Recently, Churchill and

Ozoe (7) presented empirical expressions for the heat transfer

results from a vertical plate for both the uniform temperature and

uniform heat flux boundary conditions. The expressions were made

to fit the analytical results of previous investigators and are explicit

in their Prandtl number dependence.

This discussion is not intended to be a thorough review of

the early work in natural convection, nor dies it exhaustively cover
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the topic of the vertical plate geometry. However, as an overview

its purpose is to indicate the variety of investigative techniques

available and the results gained from each. Gebhart (21) does a

complete job of developing the fundamentals of natural convection

flows with emphasis on similar solutions, while Chang et al. (6)

and White (64) present excellent reviews of the vertical plate

analyses.

Vertical Circular Cylinders

The vertical cylinder (Figure II. 2) is the limiting case of the

rod bundle as the spacing becomes very large. A quick review of

the vertical cylinder literature is thus warranted with special

emphasis placed on transverse curvature effects and low Prandtl

number results. Wiles (65) and Minkowycz and Sparrow (42) present

fairly complete and more detailed discussions of the literature for

this geometry.

Much of the early work for vertical cylinders was experimental.

Between 1922 and 1937, Griffiths and Davis (22), McAdams (39), and

Carne (5) reported experimental results for the approximately

isothermal case of natural convection to air. Various cylinder

diameters and lengths were used by these authors and attempts made

to correlate the effects of these variables on the heat loss.
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L

r
0

D

Figure II. 2. Coordinate system for vertical cylinder.

In 1948, Elenbaas (16) presented the first analysis for the

r

Tco

r-r
0

vertical isothermal cylinder. He employed the Langmuir stagnant

film model to replace the natural convection problem with a heat

conduction problem in a thin film of stationary fluid surrounding the

cylinder The vertical plate analysis of Pohlhausen (50) was used as

the zero curvature asymptote. Experiments were also carried out

in air and discrepancies of up to 15% were noted between the measured

values and those predicted by the analysis.

In 1956, Sparrow and Gregg (58) offered two solutions for the

isothermal cylinder. In the first solution the laminar boundary-layer

equations were solved by a series expansion in which the first term
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corresponds to the flat plate geometry and the remaining terms

give corrections for the curvature effect. Results were obtained for

Prandtl numbers of 0.72 and 1.0, and the cylinder Nusselt numbers

were found to be larger than the corresponding flat plate ones with

the deviation increasing as the curvature is increased and the Prandtl

number decreased. The second solution employed the stagnant film

model similar to Elenbaas' analysis (16) but with an alternate

procedure for determining the thickness of the conducting layer.

Both of these approximate stagnant film results may be applied to

fluids with Prandtl numbers in the liquid metal range, but they are

expected to be most accurate for moderate Prandtl numbers.

Millsaps and Pohlhausen, (40, 41) found that for the case of the

vertical cylinder with a linear surface temperature variation, To

T = Nx, a similarity solution of the axisymmetric boundary-layer

equations is possible. The resulting ordinary differential equations

contain the Prandtl number, Pr, and the modified Grashof number,

Gr =OD 4N/v2, as parameters. Numerical solutions for Pr = 0.733,

1.0, 10, and 100 and various values of Gr were found.

Hama, Recesso, and Christiaens (23) studied the temperature

fields along thin, isothermal cylinders. The approximate Karman-

Pohlhausen technique was employed since it was felt that the boundary-

layer series solution of Sparrow and Gregg (58) would not apply in

the case where the thermal boundary-layer thickness is comparable
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with or larger than the cylinder radius. Since the inertia terms in

the momentum equation were ignored, the analytical results do not

apply for low Prandtl number fluids Experiments were also carried

out in air for a 1/4 inch diameter cylinder and a .020 inch diameter

wire.

In 1968, Kuiken (32) presented an analysis for the constant

heat flux vertical cylinder. The series solution proceeded from the

boundary-layer equations in a manner similar to the isothermal

cylinder solution of Sparrow and Gregg (58). Results were computed

for Prandtl numbers 0.7, 1, 2, 3, 4, 5, 7, and 10. Although explicit

heat transfer results were not given, the paper clearly demonstrates

that increasing radial curvature yields higher Nusselt numbers. This

is inferred from the temperature profiles which show lower surface

temperatures for the cylinder than for the flat plate at the same heat

flux.

Fujii and Uehara (20) also perturbed the axisymmetric boundary-

layer equations to obtain results for the isothermal and constant heat

flux cylinders. For the uniform temperature case, results are

listed for Pr = 1 and 100 while for the uniform flux case, results are

listed for Pr = 0.72, 1, 5, 10, and 100. Some of these cases overlap

those presented by Sparrow and Gregg (58) and Kuiken (32). The

authors also recommend the following approximate equations for

fluids of any Prandtl number;
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when surface temperature distributions are given:

(Nux)ei = (
x)fp + 0. 435 r < 0.7 (Ni

x ) fp ;

o
ro

when surface heat flux distributions are specified:

< 0.7 (Nux)fp.(Nu ) = (Nu ) + 0.345 xx cyl x fp r r
o

With these equations the cylinder Nusselt number can be obtained

from knowledge of the flat plate Nusselt number for identical

conditions. Decreasing the cylinder radius, ro, clearly increases

the Nusselt number.

In a series of papers (43, 45, 46), Nagendra and his co-workers

presented analytical and experimental results for the vertical

cylinder for a variety of boundary conditions and fluid Prandtl

numbers. The analytical method utilized a local similarity technique

to investigate both the isothermal and constant heat flux cases and

also the cases of power law and exponential surface temperature

variation, i. e. To - T = Nxn and To - T = Me mx
. Numerical

co

solutions for Prandtl numbers 0.01, 0. 1, 0.733, and 5 were com-

puted. The average heat transfer results were classified into three

categories based on the range of RaD D/L. For the constant heat

flux case these results are given as:

= O. 55 (Ra *D/L) . 20 104 RaD D/L
NuD
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Nu
D

1. 33 (RaD D/L) .14 .05 <Ra D/L <104
(II. 4)

Nu
D

.90 (RaD D/L) .048 RaD D/L < .05 (II.5)

For the low Prandtl numbers, deviations of about 10% from the above

correlations were noted. The experiments were carried out in

water using a 0.315 inch 0. D. tube and thin wires with diameters

in the range 0.5 to 1.25 mm. The surfaces were approximately

isothermal and close agreement with the analysis was shown.

Fahidy (19) developed a correlation to explicitly include the

Prandtl number in a criterion for determining and applicability of

the isothermal flat plat analyses to the vertical cylinder. The

series solution approach of Sparrow and Gregg (58) and Fujii (20)

was used, and the result is expressed as:

D 1.6615 -0 2864
> Pr Gr

L
25

, R =
Nucyl

L R-1
ifp

This relationship can be used, for example, to calculate the minimum

diameter-to-length ratio necessary for the cylinder Nusselt number

to be within a specified percentage of the flat plate Nusselt number

at given Grashof and Prandtl numbers. However, since the

calculations used in determining this correlation were in all cases
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for Prandtl numbers of unity or larger, its accuracy for fluids in

the liquid metal range is uncertain.

In a recent publication, Minkowycz and Sparrow (42) extended

the isothermal cylinder results of Sparrow and Gregg (58) to cases

in which the deviation between the flat plate and cylinder Nusselt

numbers is large. The local nonsimilarity method was utilized

and solutions were obtained for Pr = 0. 733 at three levels of

truncation. The results show excellent agreement with the integral

method of Hama et al. (23) for the local Nusselt number ratio

(Nux)cyl/(Nux)fp and with the stagnant film model of Sparrow and

Gregg (58) for the average Nusselt number ratio (Nu ) /(Nu )x cyl x fp

The vertical cylinder study most directly applicable to this

thesis was done here at OSU by Wiles (65). Wiles experimentally

investigated natural convection in mercury from three uniformly

heated cylinders of . 590, 1.355, and 2. 108 inch diameters. The

local heat transfer correlations for the individual cylinders were

found to be:

*Nux = O. 216 (Gr )
O. 195

Nux = O. 217 (Grx *
)

189

Nux = O. 224 (Gr *). 186

D = . 590

D T 1.355

D= 2. 108

These individual regressions were also correlated to give a single
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generalized equation with the diameter-to-length ratio as an additional

dimensionless variable:

O. 032
Nu = 0. 226 () (C;r

*)0. 183(E . 15 < < . 55 (II.10)

-0,032

A correlation for the flat plate was also found by extrapolating the

data to the zero curvature limit:

*Nux = . 230 (Grx )0. 180 flat plate extrapolation

For Grx = 1010, the Nusselt number for the smallest cylinder

(D = . 59") is significantly higher than that for the plate, (Nux)cyli

(Nux) fp = 1. 326. The effect of curvature can thus appreciably aid

natural convection in mercury.

Vertical Parallel Plate Channels

In a vertical array of cylinders there is obviously more than

one surface transferring heat to and confining the flow. To under-

stand the effects that additional surfaces have on natural convection

flows, a discussion of the literature for the flat plate channel

(Figure II. 3) will be helpful. More detailed reviews may be found

in Quintiere and Mueller (51) or Colwell (9).
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Figure II. 3. Coordinates and dimensions for vertical, parallel plate
channel,

The earliest investigation of natural convection in this

geometry was reported by Elenbaas (17) in 1948. In a detailed accalm

applicable to moderate Prandtl number fluids, Elenbaas concluded

that "the dissipation of heat is given by a formula of the form

Nu = f(Gr Pr, B/L). " Experiments were performed in air with

the two parallel walls at uniform and equal temperatures and a heat

transfer correlation was developed. The results indicate that as

the width of the channel is decreased the heat transfer coefficient,

h, is reduced. The reason is that for fluids with Prandtl numbers

of order one or greater, the average channel velocity decreases as

the spacing is reduced due to viscous effects.
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Ostrach (48) analyzed the natural convection flow in channels

for a number of cases. However, the solutions assume a fully

developed condition and are therefore only useful for viscous (high

Pr) fluids.

In 1962 Bodoia and Oster le (4) presented the first analytical

solution for the development of natural convection between vertical

plates. The boundary conditions used were constant and equal

temperatures on the plates, and the fluid was assumed to enter the

channel with a flat velocity profile at ambient temperature. The

solution procedure involved numerically solving the boundary-layer

form of the governing continuity, momentum, and energy equations

with a finite difference technique. A value of the entrance flow rate

was assumed and the marching solution was continued downstream

until the pressure returned to ambient which determined the channel

height. Calculations for a Prandtl number of 0. 7 were carried out

and the results show good agreement with the data of Elenbaas (17).

Sobel et al. (55) experimentally investigated constant heat flux

channels with air as the test fluid. The geometries tested include

both the straight-walled vertical channel and a series of short

channels arranged in a staggered pattern. For the straight channel

they found that by evaluating the Nusselt number at the channel mid-

height, the constant heat flux boundary condition could be adequately
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predicted with the analysis of Elenbaas (17) for the isothermal wall

condition.

Lauber and Welch (35) presented analytical and experimental

results for uniform but asymmetrically heated channels. Similar

to the analysis of Ostrach (48), the velocity and temperature profiles

were assumed to be fully developed. The experiments were carried

out in oil, and good agreement with the analysis was shown for

GrB Pr < 150.

Engel and Mueller (18) utilized an integral technique to

investigate the development of natural convection in vertical

channels. However, a power series in (1/Pr) was employed so that

convergence was possible only for Pr > 1.

Aung (1) also analyzed the fully developed free convection flow

between vertical plates. The channel walls were assumed to be

asymmetrically maintained at either uniform heat fluxes or uniform

wall temperatures. In a later paper, Aung, Fletcher, and Sernas

(2), presented numerical and experimental results for developing

channel flow with the same range of boundary conditions. The

finite difference solution is similar to the one used by Bodoia and

Osterle (4), and it is shown to asymptotically approach the fully

developed solutions presented in the first paper. Numerical solutions

were obtained for a Prandtl number of 0.7, and the experiments

were performed in air with the asymmetric isothermal condition
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imposed. For this case, the experimental measurements agreed

well with the theoretical results.

Quintiere and Mueller (51) utilized an alternative analytical

technique to investigate the finite vertical channel. The boundary

conditions considered include the thermally symmetric channel with

uniform wall temperature or step change in wall temperature and the

asymmetric channel with uniform but unequal wall temperatures.

The governing momentum and energy equations were linearized by

using a slug-flow approximation, and a Bernoulli correction was

employed at the channel inlet to account for the acceleration of the

fluid from rest. The resulting equations were integrated with the

aid of Laplace transforms. For the isothermal, symmetric channel,

average heat transfer results are presented for Pr = .01, 0. 7, and

10. For small Rayleigh numbers (GrB Pr --) these results converge

to the exact fully developed solutions, and for Pr = 0.7 the solutions

are in agreement with the numerical solution of Bodoia and Osterle

(4) and the measurements of Elenbaas (17).

Colwell (9) conducted experiments with a uniformly heated

channel in mercury for the following two cases: (1) uniform and

equal heating of the two walls, and (2) one wall heated and one

insulated. The channel aspect ratio, Ar, was defined as the height-

to-width ratio, and spacings from Ar = 0 to 19 were investigated.

Colwell made the surprising discovery that for mercury, over the
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aspect ratio range studied, and for modified Grashof numbers up
qxto approximately 109, the Nusselt number (Nux - k(To - T ))

increased
co

as the spacing decreased which is in opposition to the results of

Elenbaas (17) for air. He explained this by noting that as the

channel width is decreased, the energy from the plates is transferred

to a narrower region thus raising the average fluid temperature.

For the wider channels in mercury, an absence of viscous inter-

action means that the increased thermal buoyancy results in increased

average velocity causing the wall temperature to decrease. As the

channel is narrowed further, however, a condition is eventually

reached in which viscous forces cause a slowing of the flow and an

associated increase in the wall temperature. By incorporating the

aspect ratio, Colwell found that the local heat transfer results

could be correlated very well with the following sets of equations;

for the case of one heated and one insulated wall:

Nux
10

. 138 10 -2<< Gr / Ar
5

< 103, (II.12)
Arx

0. 237 (Gr x

Nux = O. 176 (Grx Ar 5
)
O. 184

10
3 *

< Gr /Ar
5

< 09; (II. 13)xAr

for the symmetrically heated channel:

.Nux = 0. 257 (Grx
* /Ar 5

)
0 144

10
-2 < Grx

*
/Ar

5
< 103, (II. 14)

Ar
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Nu 50.176= O. 213 (Gr
*/Ar5)0. 176 *

103 < Gr / Ar < 9. (II. 15)
x x

Ar

Average heat transfer correlations were also obtained and compared

with the results of Quintiere and Mueller (51) for Pr = . 01, as shown

in Figure II. 4. The relative displacement between the curves is

partially due to the differences in Prandtl number but comparisons
Bof the slopes may be made. In the upper range of Gr

B
* the slopesL

of the curves are approximately the same. However, in the lower

range, the slope of Quintiere and Mueller's curve increases similar

to the results of Elenbaas (17) and others for air. Colwell's results,

on the other hand, decrease in slope in this range making the Nusselt

numbers as measured by him much higher than the ones predicted

by the theory of Quintiere and Mueller.

Vertical Annuli and Tube Bundles

Considerably less work has been done on the topic of natural

convection for multiple, cylindrical surfaces oriented vertically.

However, a few investigators have studied the vertical cylindrical

annulus (Figure II. 5) and one investigation dealing with the develop-

ment of free convection through a tube bundle has been published.
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2

Figure II. 5. Coordinate axes for a vertical, cylindrical annulus.

Beckmann [reported in Jakob (27)] conducted experiments on

natural convection between vertical coaxial tubes. The tubes were

approximately isothermal and the fluids used were gases. Although

Beckmann does not consider his measurements to be sufficient for

quantitative conclusions, Jakob suggests that the correlations for

the vertical annuli could be approximated by those for the vertical

parallel plate channel.

Nagendra et al. (44) presented analytical and theoretical results

for the vertical cylindrical annulus. The top surface of the annulus
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in this investigation, however, was closed, thus circulation of the

fluid involved flow upward along the hot inner cylinder and downward

along the cool outer tube. In the analysis it was assumed that

boundary-layer flow exists and that the two boundary-layers do not

mix. The results of these same authors for cylinders (43), and

those of Martin and Cohen (38) for tubes, were used in developing

the approximate heat transfer correlations. The experiments were

carried out in water for various inner cylinder and outer tube

diameters, and the measurements were found to agree to within

6% of the theoretical predictions.

These investigators (47) also presented results for the onset

of free convection, in vertical annuli with the top and bottom ends

open. Up to the point of onset of convection, the heat transfer occurs

by conduction, so the analysis consists of solutions to the heat

conduction equation for various boundary conditions. Criteria were

developed for the lower limit of onset of convection and experiments

verifying the theory were conducted.

Kaiser (29) reported heat transfer results for a vertical open-

ended annulus with water as the convecting fluid. The cylinders

were approximately isothermal with the outer surface always held

at a higher temperature than the inner. The data was obtained for

only one annulus geometry (inner cylinder radius = 2. 458 cm, outer

cylinder radius = 4. 898 cm) as it was the effect of cylinder rotation
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which was principally being studied. For the non-rotating case, the

heat transfer results were found to be essentially the same as for the

vertical parallel plate channel.

In 1971 Davis and Perona (11) presented the results of an

analysis for the development of free convection in a vertical tube

with open ends. Both the constant heat flux and uniform temperature

boundary conditions were considered. Closed form solutions for

the limit of fully developed flow were obtained for each boundary

condition, and a finite difference numerical technique was utilized

for the developing flow. Similar to the numerical scheme of Bodoia

and Oster le (4), the fluid was assumed to enter the tube with

uniform temperature and velocity, and the solution was continued

downstream until the pressure returned to ambient which defined

the dimensionless tube length. Solutions were computed and

presented for a Prandtl number of 0. 7 for both the constant flux and

isothermal conditions.

These authors (12) also analytically and experimentally

investigated the development of free convection flow through a

vertical tube bundle with equilateral triangular configuration. For

such a bundle a hexagon can be circumscribed about a tube to enclose

the flow area and fluid assignable to that tube (Figure II. 6).

model this configuration, the investigators replaced the hexagon

with a circle of equal area and specified the radial gradients of
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Figure II. 6. Replacement of symmetry hexagon with circle of equal
area for tube bundles with equilateral triangular pitch.
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temperature and axial velocity to vanish along this circle. This

procedure implicitly assumes circumferential symmetry which is a

fair assumption as long as the spacing of the cylinders in the bundle

is relatively large. The analysis and experiments were carried out

for a constant heat flux boundary condition. As in their analysis of

the vertical open tube, a closed form solution for the fully developed

condition was found and a finite difference technique was used to

solve the governing boundary-layer equations for the developing flow.

The entrance velocity and temperature were again assumed uniform,

but in this analysis temperature dependence of the density, viscosity,

and thermal conductivity was also included. The numerical solutions

were carried out for a Prandtl number of 0.7 corresponding to air

and for pitch-to-diameter ratios ranging from 1. 2 to 2. 0. The local

heat transfer results are presented as Nusselt-modified Graetz

number correlations, and they show a parametric dependence on

P/D and dimensionless flow rate The experiments were carried

out in bundles of 42 tubes (5/8 inch 0.D. ) for pitch-to-diameter

ratios of 1.68 and 2.03 and with heat fluxes in the range from 15

to 107 Btu/hr- ft2. The measurements for dimensionless flow rate

were found to be in poor agreement with the analysis, and the source

of the disagreement was attributed to the flow restriction caused by

spacers which held the tubes in position. The heat transfer measure-

ments showed better agreement with the theory except for the readings
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made at the axial position farthest from the leading edge of the tube

bundle. The maximum deviation for this condition was 25%.

This study was the only one found in the literature dealing with

the topic of natural convection in a vertical array of cylinders.

Furthermore, the presentation of the Nusselt number correlations

in terms of a modified Graetz number, as these authors did, is

somewhat unusual for free convection. The characteristic tempera-

ture difference used in the local Nusselt number definition is a wall-

mixing cup temperature difference, and the specification, of the Graetz

number requires a knowledge of the uniform entrance velocity. For

these reasons, the tube bundle experiments in mercury reported

here are not presented in this form, nor are they compared with the

results of Davis and Perona for air.

Closure

The investigations discussed in the previous sections consider

the laminar flow regime exclusively. The present study was also

intended to treat only this regime. However, for certain of the

bundle spacings, large fluctuations in the temperature measurements

were observed, possibly characteristic of laminar instability or

transition.

A fairly extensive body of literature exists on the topic of

instability and transition in natural convection, led particularly by
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the work of Gebhart and his students Most of the work in this area,

however, treats only the relatively simple, vertical flat plate

geometry. For this reason, and also because the heat transfer

correlations developed here are expected to be valid into the unstable

laminar and transition regimes, detailed comparisons of the tempera-

ture disturbances with stability theory or experiments are not

attempted. The book by Gebhart (21) is recommended for the

development of the fundamentals of instability and transition, while

Colwell (9) and Humphreys (25) present good reviews of previous

work done in this area.
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III. EXPERIMENTAL APPARATUS AND PROCEDURE

Test Section and Thermocouple Probe

The intent of this study was to investigate the natural con-

vection heat transfer from a geometry similar to that of the core of

an LMFBR. However, the cores of these reactors are made up of

a very large number of closely spaced, small diameter fuel rods.

A typical design calls for 217 fuel pins of 0. 25 inch diameter spaced

at a pitch -to- diameter ratio, P/D, of 1.2 At the closest point of

approach, then, the rods are separated by only . 050 inches. The

design of a thermocouple probe which could obtain accurate tempera-

ture field data in such narrow channels without appreciably disturbing

the flow was felt to be very difficult.

The problem therefore, was to model an infinite, equilateral

triangular array of vertical rods with P/D in the range of 1.05 to

1. 50, yet with sufficient space between the cylinders to allow insertion

of a thermocouple probe. A plan view of the test section design

decided upon is shown in Figure III. 1 As shown in the figure, the

infinite fuel rod array was approximated by a seven cylinder bundle.

It was thought that the symmetrical arrangement of cylinders about

the center one would effectively model an infinite array as "seen"

by this particular cylinder. Similar designs have been successfully
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Figure III. 1. Plan view of test section.
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used by experimenters studying forced convection in this same

geometry, e. g. Collingham et al. (8). A large enclosure tube was

placed around the seven pin bundle for each spacing tested, with its

inside diameter approximately coinciding with the centers of the

cylinders which lie in the next layer in an infinite array. The

purpose of this enclosure tube was to prevent side leakage and

entrainment of cool mercury from the region adjacent to the test

section. 'This is analogous to the side plates added by Humphreys

(25) to his parallel plate vertical channel to insure the two-

dimensionality of that flow. Attached to the inside surface of the

enclosure tube were half cylinders corresponding to the next layer

of rods in an infinite bundle. Although these half cylinders were

unheated and hence did not add to the thermal symmetry of the test

section, their presence did help to maintain the flow geometry of an

infinite array.

The rod bundle geometry with equilateral triangular spacing

is characterized by very irregularly shaped symmetry units which

repeat every 30 degrees around the circumference of a rod as shown

in Figure III. 1. Along the boundaries of these units the appropriate

velocity components and velocity and temperature gradients vanish

according to the usual symmetry and no-slip conditions. Also

shown is the definition of the coordinate axes to be used throughout

this report: x is the axial distance from the leading edge of the test
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section; r, the radial distance from the cylinder axis; and y, the

radial distance from the cylinder surface. The circumferential angle,

e, is defined in the following way. The radial line bisecting the

coolant channel between the cylinders of the next layer is defined

as the zero degree position. The lines connecting the centers of

the middle cylinder with adjacent cylinders are defined as 30 degree

positions. Since all thermal measurements were performed in two

adjacent symmetry units (exactly as shown in the figure), one 30

degree position is arbitrarily defined positive and the other negative.

This rather odd combination of Cartesian and cylindrical coordinates

is the one usually cited in the literature (32).

In order to make the required temperature measurements for

arrays with pitch-to-diameter ratios in the desired range, two basic

things were done. First, the diameter of the rods was increased to a

value much larger than that encountered in reactor cores. Instead

of a diameter on the order of 0. 50 inches, the mean finished

diameter for the cylinders was 1. 365 inches. For P/D = 1.1, this

left more than an eighth of an inch between adjacent cylinders along

their centerlines. The difference in curvature would be expected

to affect the heat transfer results, but Wiles (65) reported only about

a 100/odifference in the Nusseltnumbers for vertical cylind,er diameters of

. 50 and 1.365 inches over the Grashof number range studied here.

Secondly, a new thermocouple probe was designed and built. A
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schematic of the test section and probe is presented in Figure III. 2

and a photograph of the thermocouple probe is shown in Figure 111.3.

The probe consisted of a mild steel C-frame with a length of

. 012 inch diameter wire stretched across the open side of the frame.

The vertical leg of the frame was . 25 inches in diameter while the

two horizontal legs were 5/8 inch stock turned to diameters of . 25

and .125 inches at the two smaller sections. The wire was fastened

mechanically on the bottom leg with a slip collar and tightened on

the threaded top leg by means of a washer-nut arrangement.

Temperatures were measured with a .010 inch diameter, sheathed

thermocouple which was epoxied to the wire. Near the thermocouple

junction a slow 90 degree bend was made so that the junction projected

approximately .080 inches from the support wire. As Figure III. ;2

shows, the C-frame was entirely external to the test section, with

the top horizontal leg above the cylinders (and in fact out of the

mercury), the vertical leg outside of the enclosure tube, and the

bottom horizontal leg below the leading edge. Only the thermocouple

and its support wire were threaded through the measurement area.

The diameter of the thermocouple-wire-epoxy structure was

measured to be approximately . 025 inches. Also, the bottom

horizontal probe leg was never closer than an inch from the leading

edge, which parallel plate anemometer data has shown to be a region

of negligible velocity. For these reasons, it was thought that this
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Figure III. 3. Photograph of thermocouple probe.

Figure 111.4. A completed cylinder and one of the heaters
before assembly.
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probe design offered minimal disturbance to the flow for the cases

investigated here.

The heated cylinders were constructed by attaching an electrical

heating unit to an ac rylic core. A completed cylinder and one of the

heaters before assembly are shown in Figure III. 4. The heater

element was fabricated by Electrofilm Inc. and consisted of a

chemically etched .001 inch thick nichrome foil bonded on both sides

to fiberglass reinforced silicone rubber insulation, Electrofilm

placed the heater unit on a 1.25 inch diameter cylindrical die and

heat treated it to give the unit its cylindrical shape. The Teflon

insulated lead wires emerged from a . 75 x . 575 inch rectangular tab

at the top of each heater. A drawing showing the details and

dimensions of the heaters is presented in Figure III. 5. The nominal

thickness of the units was . 045 inches and the height was 3.850

inches. As shown in the figure, the nichrome elements covered

approximately 75% of the heater area. The electrical resistivity

of this chemically etched nichrome foil is extremely constant so that

the heat flux generated by these heaters was felt to be very uniform.

In addition, corrections to the heat transfer area were made for

the extra unheated insulation at the leading and trailing edges and

the vertical seam.

The heater units as received from Electrofilm were placed on

ten inch long cast acrylic cores. The lower section of the cores,
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where the units were placed, was turned to a diameter of 1. 250

inches so that the heaters closed snugly at the vertical seam.

Above this section, the cores were machined to a diameter of 1.365

inches which closely matched the average diameter of the finished

heater sections. A small rectangular region was also machined

away to accommodate the heater tabs. Three layers of two-sided

CHR M-69 TEMP-R-TAPE (1 inch wide and 003 inches thick) were

then wrapped tightly around the heaters to hold them to the cores.

Next, .010 inch thick cylindrical steel cover plates exactly the size

of the heaters were pressed onto the tape by means of a tightening

jig. The cover plates were fabricated by rolling flat shim stock to

approximately the correct diameter. The stock was then placed in

a male-female die of 1. 310 inch inside diameter and heat treated

to give it the exact cylindrical shape desired. The final step in the

fabrication process was to seal carefully the leading and trailing

edges, the vertical seam, and the tab area with silicone rubber and

epoxy. This was necessary to prevent electrical short circuits

caused by mercury penetrating under the steel plates or into the

area of the heater tab.

The enclosure tubes and the unheated half cylinders were also

fabricated from acrylic. For the three array spacings studied, the

tubes were of 5, 6, and 6 3/4 inch inside diameters with 1/4, 1/4,

and 1/8 inch wall thicknesses respectively. The ends of the enclosure
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tubes were carefully turned on a lathe so that the tube lengths

closely matched those of the heated cylinders. These lengths were

all in the range 9. 980 ± . 010 inches. A number of rectangular slots

(see Figure III. 2) were cut around the periphery of the enclosure

tubes to allow the mercury heated in the test section to circulate

freely to the ambient pool. The lower edges of these slots started

at approximately 3/4 of an inch above the trailing edge of the heated

sections, and the upper edges extended out of the mercury. In all

cases, the combined area of the slots was greater than the flow

cross section enclosed by the tubes.

The six half cylinders were constructed by first turning a

length of 1 3/8 inch diameter acrylic rod to the 1.365 inch heater

diameter. This rod was then split in half axially and cut into 4 1/2

inch lengths with a band saw. Next, the flat surfaces were milled

and the ends machined off on a lathe to give smooth surfaces. The

resulting half cylinders were used interchangeably between the

three enclosure tubes. They were fastened in place by tightening

screws which passed through locator holes in the walls of the tubes

and then into holes tapped in the half cylinders. Washers and various

thicknesses of shim stock were used to shim the half cylinders into

their correct positions in the arrays.

An overall view of the assembled test section is presented in

Figure III. 6. Bolted to the mercury tank was the octagonal base



Positioning
slots

x-y
positioning

mechanism

Thermocouple
probe

Figure III. 6. Overall test section arrangement.

45

Movable
tray

Circular
track
Cylinder

support
bars

Octagonal
base

Dial
gauge

Tray
runners

Distilled
water

Mercury



46

plate which had a circular track cut in it. Runners on the bottom

of the movable tray slid in this track thus providing rotation of the

tray about the axis of the center cylinder of the bundle. The x-y

positioning mechanism was clamped to the movable tray and the

thermocouple probe was, in turn, fastened to the traversing tower

of this positioner. Verniers on the positioning device allowed

horizontal and vertical probe locations to be determined to within

. 001 inches, but the addition of the Starrett dial gauge improved the

horizontal positioning tolerance to ±. 0001 inches. Note that the

combination of the movable tray and the x-y traversing mechanism

provided the axial, radial, and circumferential probe movements

necessary to completely characterize the three-dimensional

temperature field of this geometry.

Bolted to the underside of the octagonal base were the three

mild steel bars which supported the seven heated cylinders and the

enclosure tube assembly. With these bars tightened in place, their

bottom surfaces were simultaneously milled off giving a uniformly

flat surface against which the cylinders and tubes were tightened.

It was also necessary to position the locator hole for the central

cylinder of the array accurately along the axis of rotation of the

movable tray. This was accomplished by using a dial gauge to position

the head of a milling machine exactly in the center of the circular

track and then drilling the hole with the maching head. Slots were
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milled in the octagonal base and in the support bars so that the

positions of the two outside bars and the six outer heated cylinders

could be adjusted for the various bundle spacings considered. Pitch-

to-diameter ratios in the range from P/D = 1.0 to 2.0 were possible

with this arrangement. The cylinders and the enclosure tube were

fastened to the support bars by bolts passed through the slots and

tightened in threaded holes in the cylinder and tube tops.

Locating the cylinders and the enclosure tube in their proper

positions in the array was also of prime concern. This task was

aided immensely by using the three sets of positioning patterns

shown in Figure 111.7. The two larger ones were made of wood

while aluminum was used for the smallest. These patterns were

machined using a 1 3/8 inch diameter end mill and a rotating mill

table for pitch-to-diameter ratios of 1, 10, 1.30, and 1. 50. Upon

completion, the patterns fit snugly inside their respective enclosure

tubes. By cutting clearance areas for the thermocouple probe, the

patterns were even left in the bundles permanently by sliding them

up against the support bars so as to be out of the mercury. Fine

adjustments for the verticality of the cylinders and the spacing

between them were performed with the aid of a cathetometer, tele-

scoping gauges, and a micrometer. The cathetometer was a

Gaertner model M-912 readable to . 001 cm. With the aid of these
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Figure III. 7. Completed positioning patterns.
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instruments, the spacings in the bundles were adjusted to within 3%

of the desired values in all cases.

When the cylinders and enclosure tube were satisfactorily

aligned and tightened, the thermocouple and its support wire were

threaded down through the test section and clamped in position on

the probe frame. The final step in the setup process was to adjust

the position of the traversing mechanism on the movable tray. This

was necessary so that the thermocouple bead. tracked radially with

respect to the center cylinder of the bundle. After noting some

thermocouple reference positions, the test section was then ready

for immersion in the mercury.

Mercury Vessel and Related Equipment

A photograph of the entire equipment setup is presented in

Figure III. 8 and a closeup of the mercury vessel with the test

section in place is shown in Figure III. 9. Apparatus shown in these

figures which were discussed in the preceding section include the

octagonal base plate [1]1, movable tray [ 2], x-y positioning

mechanism [3], and the Starrett dial gauge [ 4].

The mercury was contained in a 12 x 12 x 16 inch deep stain-

less steel tank [ 5] with an angle iron lip on two sides. The test

section was held in place by bolting it to this lip. Approximately

1 Numbers in brackets refer to equipment shown in Figures
III. .8 and III. 9.
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Figure 111.8. Overall equipment arrangement.

Figure III. 9. Closeup of mercury tank and test apparatus.
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1000 pounds of mercury was contained in the tank, and the surface

of the mercury was covered with distilled water to keep the mercury

vapor level low. A Beckman model 23 meter [6] was used to monitor

the vapor level continuously. The tank rested on a two inch thick

cedar base. This base provided thermal insulation for the bottom

of the mercury tank.

Surrounding the mercury tank was a sheet metal box [7] with

approximately 30 gallons of water [8] contained in it. The water,

as seen in the figure, appears white due to the addition of rust

inhibitor. A plywood box [9] enclosed the water bath box on its

four sides and was filled with Zonolite vermiculite insulation.

Cooling water was run from a faucet through a constant head

tank [10] to copper coils located in the water bath and then to a

drain. The constant head tank was installed to insure the steadiness

of the cooling water flow, since the combination of low flow rates

and water supply pressure fluctuations had created some problems

previously. The purpose of this cooling water flow was to remove

the heat generated in the test section thus keeping the ambient

mercury at a steady temperature. Differences between the heat

generated and removed were compensated for by the Haake E51

constant temperature circulator [11]. This circulator, in com-

bination with the two stirrers [ 12], maintained the water bath

isothermally so as to prevent the occurrence of temperature gradients
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around the circumference of the mercury tank. The water bath

was held at a temperature of approximately 83°F. which averaged

about 10°F. above the room temperature. With the thermal control

equipment described above, the ambient mercury temperature, as

measured below the leading edge of the test section, was indefinitely

maintained at a steady temperature to within ± 0, 05 °F.

Power Supply Circuit

Power was supplied to the electrical heating units by means

of a Sorensen DCR 300-35A DC power supply [131, This supply

represented a major improvement in the A. E. C. project at OSU

as it was both line and load regulated and had a maximum rated

output of 10.5 kilowatts. Whereas Colwell (9) reported fluctuations

in the power supplied to his heaters of up to 5%, these fluctuations

never exceeded 0. 2% in the work described here.

A diagram of the power supply circuit is presented in Figure

III. 10. As shown in the figure, the heaters and power supply were

wired in a parallel circuit with a 1.0 ohm current shunt placed in

series with each heater. Referring to Figure III. 9, these shunts

were housed in an electrical box [141. Since the desired boundary

condition was that of uniform and equal heat flux on each of the seven

cylinders, it was required that they dissipate equal amounts of

electrical power. Fortunately, the heaters, as received from
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Electrofilm, were closely matched in resistance so that the simple

parallel circuit shown in Figure 111.10 worked well. In all cases,

the power dissipated by the individual cylinders varied by less than

± 0.8%.

The heat flux generated in the test section was measured

electrically. This was done by reading the power supply voltage,

and the individual shunt voltages, V1, V2, ... V7, periodicallyVtot'

through a data run. The two-pole multi-throw switch [15] provided

the switching of the Fluke 8200A digital voltmeter [16] necessary

to make these measurements. The Fluke DVOM is specified as

making these voltage readings to an accuracy of ± . 05%. The shunt

resistances, R1, R2, R7' were measured with an ESI model

300 PVB resistance bridge which has a specified accuracy of ± . 02%.

The shunts were well matched in resistance as all fell in the range

from . 9929 to 1.0065 ohms. A simple application of electric

circuit theory yields for the power dissipated in an individual heater:

P1 (Vtot V1) (V1/R1)

In order to obtain the heat flux for use in the heat transfer results,

these individual powers were averaged, and the resulting mean

value divided by the proper area. The area used was the heated

surface area of a single cylinder based on the average diameter of

1.365 inches and corrected for the extra unheated insulation
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occurring along the boundaries of a heater element. The resulting

value was .1131 square feet.

Temperature Measuring System

As mentioned in the first section of this chapter, temperatures

were measured with a subminiature thermocouple epoxied to a piece

of music wire which, in turn, was stretched across the open side of

the C-shaped probe frame. The thermocouple was a .010 inch

diameter, sheathed, iron-constantan unit manufactured by Omega

Engineering. A schematic of the thermocouple assembly is shown

in Figure III. 11. As seen in the figure, the assembly consisted of

. 001inch diameter iron and constantan wires contained inside a stainless

steel sheath an.d insulated from the sheath and each Other by means of a

refractory material. The wire sLwere brought together in a grounded weld

at the probe tip. The extremely small size of the resulting junction

allowed essentially point temperatures to be recorded.

Two questions arise about the use of this thermocouple, how-

ever. The first is concerned with whether conduction along the

stainless steel sheath affected the temperature measurements. As

pointed out by Colwell (9), this was not believed to be significant

since the heat transfer coefficient, h, between the sheath and

mercury is very large in comparison with the thermal conductivities

of either the stainless steel or mercury (see Figure III. 11 for
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numerical values). Therefore, the low thermal resistance at the

sheath-mercury interface leads to the conclusion that the sheath is

esentially at the same temperature as the mercury at any given

location along the probe.

The second question concerns the significance of the small

distance between the probe tip and the thermocouple junction on wall

temperature measurements (see Figure III. 11). This effect would

cause low values of the wall temperature to be recorded and would

be most severe for high heat fluxes which correspond to steeper

temperature gradients. The highest heat flux used for the array heat

transfer data was q = 3000 BTU/hrft 2. Calculating the corresponding

wall temperature gradient from the Fourier conduction law

5. 3 BTU /hrft °F):(kmercury

dT 3000 BTU/hrft 2

(dy)
q /is. _

5.3 BTU/hrft°F 566 °F/ft.
wall

(III. 2)

Assuming a linear temperature gradient near the will and using . 003

inches as the distance between the probe tip and junction yields for

the difference between the wall and junction temperatures:

°F /ft) (.____003
T - T. = (566 14°F.
To junction 12

(111.3)
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The local Nusselt number, Nu = , is inversely pro-x k(T
qx

T )
o oo

portional to the wall-ambient temperature difference. For values of

this difference on the order of 5 o F. , as occur near the leading edge,

the resulting error is 3%. It is to be emphasized, however, that this

is a worst case calculation. For lower heat fluxes and axial positions

near the trailing edge, this error is much smaller. For this reason

and also because the probe tip-junction distance could not be accurately

measured or specified, corrections for this phenomenon were not

included in the data reduction program.

The thermocouple circuit used was the precision circuit recom-

mended by Benedict (3) as shown in Figure III.12. The only deviation

from the ideal circuit was the extension wires inserted between the

subminiature probe and the ice junction. These wires could, not be

avoided because of the extremely small diameter (.001 inch) of the

iron and constantan filaments in this assembly. The error introduced

by their use, however, was felt to be negligible because the nylon con-

nectors used at the junction of the probe and the extension wires offered

tight fitting, isothermal contacts. The ambient mercury temperature,

Too , was measured at a location below the leading edge of the test

section with a thermocouple made of 22 gauge, iron-constantan wires.

No extension leads were necessary for this thermocouple.

Because of inconsistencies noted in calibrations made previously

with a quartz thermometer, the thermocouples described above were
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not calibrated. Instead, the reference tables for iron-constantan.

thermocouples were used by fitting a least squares line to the

entire set of entries between 78 and 102°F. This range completely

spanned the temperatures encountered in this work. For the heat

transfer results, it is the temperature difference To - T in the
OD

Nusselt number definition which is of critical importance. Hence

it is the slope of the calibration curve which determines the accuracy

of these results. The slope obtained by the regression method was

34. 567 °F/mV which should be a very representative figure. In

fact, the quartz thermometer calibrations, which were thought to

be questionable, had slopes differing from this figure by less than

3%.

Figure III. 8 shows the various components of the thermocouple

circuit including the ice bath thermos [17] and the thermocouple

switch [18]. The potentiometer used was a Leeds and Northrup 7554

type K-4 [19] with the associated model 9 828 DC null detector [20].

The K-4 was readable to 0. 1 microvolt and had a specified accuracy

of ± 0. 5 microvolts or approximately ± . 02oF Also used in

conjunction with the potentiometer, were the Eppley standard cell

and the Leeds and Northrup DC constant voltage supply.

Because fluctuations in the measured temperatures were

encountered, an averaging technique for the wall temperatures and

mean temperature profiles was required. Following Humphreys (25),
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this was accomplished by feeding the thermocouple output to the

Fluke DVOM [16] and utilizing the DC millivolt option (accuracy

± .07%) on that device. Depending on the size and frequency of the

fluctuations, either two or three minute time averages were taken

by reading the Fluke display every five seconds, entering the result

on an HP-35 hand calculator, and finding the mean value. This

method yielded consistent results for both the heat transfer and

mean temperature profile results. In most cases the scatter in

the data was small.

A Leeds and Northrup Speedomax W recorder [21] was used

to record the thermocouple output at various locations in the

bundle temperature fields. The purpose was to document the effects

of array spacing and coordinate position on the temperature

disturbances. The response times of the digital voltmeter and

Speedomax recorder are both listed as approximately one second,

while Humphreys (25) measured the response time of the thermo-

couple to be less than one millisecond in mercury. Since the

maximum frequency encountered was on the order of 0.3 hertz,

these three devices were completely adequate.

Procedure

The data-taking procedure was straightforward but also tedious.

On a given day, the first step was to start the cooling water flow and
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adjust the Sorensen power supply to give the desired heat flux. It

was then necessary to wait for the system to come to thermal

equilibrium. Thermal equilibrium was considered to be established

when the ambient mercury temperature, T reached a steady

value. This usually took less than an hour. The next step was to

standardize the K-4 potentiometer and then zero the Fluke digital

voltmeter against the standardized potentiometer, using the

"Millivolt Zero" screw adjustment. The Fluke DVOM exhibited a

small amount of drift over a period of hours but the magnitude

never exceeded 2 microvolts with is equivalent to . 07 o F. The

standardize-zeroing operation was carried out several times during

the course of a run. After noting the voltage measurements neces-

sary for the heat flux determination, the system was ready for

recording temperature data.

Two basic categories of thermal measurements were made:

heat transfer data and temperature profiles. When heat transfer

data was taken, the thermocouple probe was set at the desired axial

and circumferential locations and the corresponding wall tempera-

ture recorded from the time-averaged voltmeter output. The wall

of the center heated cylinder was found by watching the needle on the

null detector of the potentiometer. As the probe was moved radially

inward, the needle deflected to higher and higher temperatures until

suddenly such an inward movement caused no further needle
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deflection. This occurred when the thermocouple contacted the

wall of the heater.

For the temperature profiles, the wall was found in exactly

the same manner with one further refinement. Once the heater wall

was located the probe was jockeyed back and forth until the slightest

radial movement away from the wall caused the null detector needle

to swing to lower temperatures. This was necessary because the

flexibility of the stretched wire probe allowed radial inward move-

ments past the initial point of contact with the wall. Subsequent

small outward movements of the probe returned the taut wire to its

undeflected position without moving the junction away from the

heater surface. The profiles were then determined by reading the

time-averaged thermocouple outputs at the desired radial locations.

Upon completion of each mean temperature profile, strip chart

recordings of the temperature fluctuations were made with the

Speedomax unit. The recordings were usually taken at six radial

locations for a period of 2 1/ 2 minutes each.

For both the heat transfer and temperature profile data the

ambient mercury temperature was measured after every other test

section reading. The heat flux voltage readings were also repeated

a number of times during the course of a given data set. Mean

values of these measurements were then used in the data reduction

computer programs.
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At the end of the day, the test section was removed from the

mercury bath. This was done to prevent the degradation of the seals

around the heated sections caused by prolonged immersion in the

mercury. In previous experiments, failures of the heaters were

encountered when mercury penetrated one of the seals and caused

an electrical short circuit to the mercury. No such failures occur-

red in this work.
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IV, HEAT TRANSFER RESULTS

Introduction

Of primary importance in any study of natural convection is

information pertaining to heat transfer. This is because the heat

transfer results provide relationships among the fundamental natural

convection variables: surface and ambient fluid tempe ratures, heat

transfer rate, fluid properties, and surface dimensions. These

relationships can be used by the engineer in specific design

applications; they can be used qualitatively to predict the effects of

changing certain of the variables; and they also provide a direct

comparison with the analyses and experiments of other investigators.

To be of most value, however, the heat transfer correlations

must be expressed in a useful form. By performing a similarity

analysis of the governing natural convection equations for a vertical

surface of height L at a uniform temperature To, it can be shown

that the fluid temperature distribution depends only on the well-

known Grashof and Prandtl dimensionless parameters:2

Gr = g131-,
3 (To-Ta)
v4

Pr = cPP- -
L a

2Ignoring the viscous dissipation number, gpL /c .. See Gebhart
(21).
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Therefore, the heat transfer and the dimensionless heat transfer

parameter, the Nusselt number, NuL
= hL/k, also depend only on

these parameters:

Nu = f (Gr Pr). (IV. 1.)

This equation expresses the relation between the average Nusselt

number, L' the Grashof number based on the length of the surface,

Gr and the Prandtl number. To obtainlocal heat transfer

relati,onships, the average heat transfer coeffthient, h, is replaced

with its local counterpart, h, and the axial diStance from the

leading edge of the surface, x, is i used place of the total

length, Ls

Nu = hxx. , Gr = gf3x
3

(To-Too)
2

The relationship for the local heat transfer results can thus be

expressed as:

Nux = f(Gr , Pr).
x

For the constant heat flux boundary condition, the Grashof

number is usually modified so as to eliminate the temperature

difference, To-T , which is not a constant. This is done by

(IV. 2)

substituting the definition of the heat transfer coefficient, h - T -T '
o co

into the Nusselt number and forming the modified Grashof number



as the product of the Nusselt and "regular" Grashof numbers:

Gr * = PTu Gr - qxx x x Ic-(T -T)
0 05

3(T0-Too)
pgqx 4

2
K,- v

2
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(IV. 3)

For the constant heat flux case, then, heat transfer correlations are

usually presented as:

Nux = f(Grx , P ) (IV. 4)

Since the experiments described in this report were conducted

exclusively in mercury, the Prandtl number was essentially constant

(Pr = . 023). Thus the Prandtl number must be removed from the

functional dependence in equation IV. 4, and the resulting Nu - Grx

correlations are strictly applicable only to mercury:

Nux = f(Gr ) (mercury). (IV. 5)

However, as noted in Chapter II, the heat transfer results in the low
4

* iPrandtl number limit are inviscid in nature (Gr
X

2 gps x
= ):

ka 2

Nu = f(Gr Pr
x x

(IV. 6)

By recasting in this form, any of the correlations presented here

for mercury are expected to be approximately valid throughout the

liquid metal range.

In the evaluation of Nu Grp *, and Pr, the coefficient of

thermal expansion, 13, and the acceleration of gravity, g, were



taken as constants:

13= . 000101 (°F)-1 , g = 32.174 ft/sect.
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The temperature dependence of c k, andv = Op were accounted

for by evaluating these fluid properties at a reference temperature,

TM, according to the following expressions:

k = 4.47924 + 8.30958 x 10-3 - 3.80163 x 10-6 T r
2

r

(Btu/hrft °F)

= 4.34620 - 9.91162 x 10-3 T r + 1.79060 x 10-5

,lb ,1. 27524 x 10 -8 Tr 3
(fthmr )

r

c = 3.3462 x 10-2 - 3.93353 x 10-6 Tr + 3.44649 x 10-9 T r
2

(Btu/lbm °F)

p = 851.514 - 8.64880 x 10-2 T r +9.86194 x 10 -6 Tr 2
-

5.92566 x 10-9 T r
3 3 )

ft
(IV. 7)

where Tr is in °F. These expressions for mercury were taken from

a paper by Sparrow and Gregg (60). In the Nusselt number, the

thermal conductivity, k, was evaluated at the local wall temperature,

To(x). In the Grashof and Prandtl numbers, the fluid properties

were evaluated at Tz. = 0.7 To(x) + 0.3 Too for the single cylinder as

suggested by Sparrow and Gregg (60), while for the tube bundle
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these properties were evaluated at the simple film temperature

Tr = 0. 5 To (x) + 0. 5 Tom.
co

Over the 80 to 100 °F. temperature range

encountered in this work, the property which varied most was the

absolute viscosity, 11, and its variation was only 4%. Therefore,

the choosing of a reference temperature for fluid property evaluation

was not at all critical.

The specification of the remaining variables in the definitions

of Nux, Gr r, and Pr has been discussed previously in the apparatus

chapter. The heat flux, q, was measured electrically, the axial

coordinate, x, was obtained from vernier readings on the x-y

positioning mechanism, and temperatures were measured with the

subminiature thermocouple. An additional point to be noted, how-

ever, is that the local Nusselt . number may be evaluated by two

separate methods. By utilizing the definition of the local heat

transfer coefficient, as done above, Nux may be expressed as

hx qx
Nu = -x k k(T-T )

o
(IV. 8)

This definition requires the electrical measurement of the heat flux,

the vernier reading for x, and wall and ambient temperature

measurements. The second Nusselt number definition utilizes the

fact that at the surface of the body the heat transfer occurs solely
8Tby conduction which is governed by the Fourier law, q k (a

c
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-K.(aT/ ay)0 x "xhx qx OKE)
0

. (rNu V.9)x = - :k (T - ) k T ) (T - T 8y
o

T
co co 0 co

Instead of the heat flux measurement, this definition requires a

determination of the fluid temperature gradient at the surface.

Because of the errors inherent in differentiating an experimentally

obtained temperature profile, this second definition was not used.

Colwell (9) showed that errors of up to 30% could result from this

method of evaluation. The error for the Nusselt number determination

based on q is thought to be much less than this. 3

A complicating feature of the tube bundle experiments reported

here is the large number of geometrical variables present. For the

single vertical cylinder, for example, only the length, L, and the

diameter, D, appear. However, for the vertical array of cylinders

there are four geometrical variables: the pitch, P, the length of the

heated section, L, the cylinder diameters, D, and the circumferential

angle, e. In order to generalize the results to geometries other

than the specific ones tested, appropriate dimensionless combinations

of these variables must be included in the heat transfer correlations.

Because of the many possible combinations, however, this is not a

straightfor'*ard task.

See Appendix A for complete error analysis.
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Single Vertical Cylinder Results

A fairly extensive set of heat transfer data was taken for the

case of the uniformly heated single vertical cylinder. The cylinder

which was used was one of the 1.365 inch diameter ones also used

in the tube bundle setup. This diameter is within 1% of that of

Wiles' (65) intermediate sized cylinder.

The main reason for re-studying this situation was to justify

the use of the stretched-wire thermocouple probe for taking tempera-

ture measurements. It was felt that the growth of a boundary-layer

on the portion of the supporting wire below the thermocouple junction

could possibly interfere with the wall temperature measurements

necessary for the heat transfer results. The hypothesized situation

is shown in Figure IV. 1(a. ). This was not of concern to the previous

investigators on this project since in all cases they used an L-shaped

thermocouple probe which had no intervening structures upstream

from the junction (Figure IV. 1(b. )). However, this L-probe design

was unacceptable for the tube bundle configuration because of the

relatively large size of the supporting rod necessary. To check

whether the supporting wire actually did interfere with the tempera-

ture measurements, heat transfer data was taken with both the

stretched wire and L-shaped probes for the single cylinder situation.
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Figure IV. 1. Measurement of wall temperatures with (a) taut wire
probe and (b) L- shaped probe. Note that the upstream
section of the support wire in (a) could possibly
interfere with measurement of wall temperature.

The results are shown in Figure IV. 2 for the L-shaped probe

and in Figure IV. 3 for the taut wire probe. For each probe the heat

transfer data was taken and repeated on two separate days. On the

first day, three heat fluxes, q -27 2450, 3640, and 5450 Btu/hrft2,

were used with wall temperatures recorded at 20 axial positions for

each heat flux to span the local modified Grashof number range from

105 to 10 10 The data for the two extreme heat fluxes was checked

on the second day.
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Grx*

Figure N. 2. Heat transfer results for single cylinder (D = 1. 365 ",

L = 3. 825 ") as measured with L-shaped probe.
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Figure IV. 3. Heat transfer results for single cylinder (D = 1. 365 ",
L = 3. 825 ") as measured with taut wire probe.
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The raw data was reduced to the Nusselt number - modified

Grashof number form with the computer program CY1HTXA listed

in the Appendix. The linear nature of the results on log-log

coordinates suggests that they are well described by a power-law
nfunction of the form Nu = C (Gr ) Using the SIPS routine

(Statistical Interactive Programming System) on the OS-3 computer,

the least-squares fit for the L-shaped probe was found to be:

Nux = . 223 (Gr *) 185 R2 = . 9982 (IV. 10)

The correlation coefficient, R2, is a statistical measure of the degree

to which the regression line fits the data. A "perfect fit" has a

correlation coefficient of 1. 00. For the stretched wire probe the

regression equation is:

*
Nux = 237 (Grx ) 182

R2 = .9990 . (IV. 11)

To compare the results for the two probes with each other and

with the results of Wiles (65), correlation equations IV. 10 and IV. 11

are replotted in Figure IV. 4 along with the correlation for Wiles'

middle cylinder size, given in Chapter II as:

Nux O. 217 (Grx ) 189
, R

2
-7-- . 995 (IL 8)

The results obtained here for the two different probes are obviously

in very good agreement. At Grx* = 105, the Nusselt number for the
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Figure IV. 4. Comparison of single cylinder results for L-probe, taut
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stretched wire probe is approximately 2.7% higher than that for the

L-probe, while at Gr = 10
10 it is only 0. 8% lower. Over most of

the modified Grashof number range, the two c rr elations are

indistinguishable. However, Wiles' results are somewhat higher

than either of these in the upper Grashof range. For Grx = 1010,

the cylinder Nusselt number as measured by Wiles is about 7. 6%

higher than for the stretched wire results. There are several

possible reasons for this deviation. One is that Wiles used an

unregulated power source causing the energy supplied to the cylinder

to vary by as much as 5%. Also the data for his intermediate

cylinder correlation showed more scatter than for his other two

cylinder sizes. As a result, the correlation coefficient for this

cylinder was somewhat lower. In any event Wiles' results agree

very well with those reported here in the lower Grashof range, and

a maximum deviation of 7. 6% in the upper range is not terribly

significant.

The fact that the correlation equations for the stretched wire

and L-shaped probes differ so slightly indicates that the support

wire on the taut wire probe did not significantly affect the heat

transfer results for the case of the single vertical cylinder. This,

of course, does not necessarily mean that the same is true for the

tube bundle situation, since the confluence of boundary-layers from

adjacent cylinders is expected to yield relatively high mid-channel
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velocities for this case. However, because the array heat transfer

data was obtained by measuring the wall temperatures of the central

cylinder, the stretched wire probe was effectively immersed in the

boundary-layer of only that cylinder. From this standpoint the

single cylinder and array situations are very similar, and the taut

wire probe is not thought to have appreciably affected the array heat

transfer results by disturbing the flow.

The stretched wire probe was also used to measure tempera-

ture profiles in the array of vertical cylinders. However, since the

wall temperature measurement was believed to be a worst case

situation for the hypothesized flow disturbance, no experiments were

performed to compare temperature profiles measured with the taut

wire and L-shaped thermocouple probes. The possibility for inter-

ference with the wall temperature measurements was thought to be

greatest because when the thermocouple junction was at the cylinder

surface, the support wire was at its closest point of approach to

the peak in the velocity profiles (see Figure IV. 1). As the probe

was moved away from the cylinder surface, the support wire

encountered regions of increasingly lower velocity, thus lessening

the flow disturbance effect.

For these reasons, the stretched wire thermocouple probe is

thought to be completely satisfactory for the measurement of both

the wall temperatures necessary for the heat transfer results and
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the fluid temperatures necessary to characterize the temperature

distributions.

Results for Vertical Seven Cylinder Arrays

Heat transfer data was taken for three equilateral triangular

spacings of the uniformly heated seven cylinder bundles: P/D = 1. 5,

1.3, and 1.1. As mentioned in Chapter I, these values of the

pitch-to-diameter ratio are within the range of those being considered

for use in the cores of advanced LMFBR's. However, the 1. 365 inch

diameter cylinders used in this work are much larger than the 0. 25

to 0. 50 inch diameter fuel rods of the LMFBR.

To study the effects of rod spacing, heat flux, and circumferen-

tial and axial position on the heat transfer, results, the following

sets of data were taken. First, for each of the three arrays, local

heat transfer results were recorded for three heat flux levels at

the 0° circumferential position (see Figure III. 1 for coordinate axis

definition). The heat fluxes used were q = 1500, 2250, and 3000

Btu/hrft 2
, and wall temperatures were recorded at 20 axial positions

for each flux, resulting in a modified Grashof number range of 105

to 101p. To check the repeatability of the data, this set was always

taken and retaken on two seperate days. The circumferential variation

of the Nusselt number was investigated by measuring surface tempera-

tures at seven circumferential positions, 0 00, 100, 200, ± 300
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for each of ten axial locations. For this run only the lower heat

flux, q = 1500 Btu/hrft2, was used.

It was felt that by taking these sets of data a reasonable matrix

of heat transfer results for the three arrays would be obtained. On

the other hand, it may be argued that for completeness each of the

heat fluxes should have been used for each of the circumferential

positions. However, preliminary data, not presented here, showed

that in terms of percentages the effect of circumferential position

was somewhat larger for the lower heat flux. Thus the results

shown here place an upper bound on this effect, and the two higher

heat flux runs at 0 = t 10°, ± 200, and t 30° could reasonably be

eliminated.

The local heat transfer results for the sets in which the heat

flux was varied at the 0° circumferential position are shown in

Figures IV. 5 (P/D = 1.5), IV. 6 (P/D = 1.3) and IV. 7 (P/D = 1. 1).

One noticeable observation is that for a given array, the three heat

flux levels yield separate Nu - Gr correlations, indicating that

there is another parameter besides these two of importance for this

case. In contrast is the single vertical cylinder situation, Figure

IV. 3, for which there is, no noticeable separation of the data according

to heat flux. This result for the arrays was not entirely unexpected,

as Colwell (9) noticed a similar phenomenon for his narrower

channel spacings. The tube bundle heat transfer results of Davis
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and Perona (12) for air also show a parametric dependence on a

dimensionless flow rate, F , for a given P/D. Although this flow

rate cannot be specified for the work done here since it involves an

entrance velocity measurement, it can be stated that increasing the

heat flux decreases F .

Another observation to be gained from these figures is that for

P/D = 1.5 and 1.3, the Nusselt number results are highest for the

lowest heat flux and decrease for increasing flux. The separation

is maximum at the lower Grashof limit, and the results converge to

an asymptote, or perhaps an intersection point, at the upper Grashof

limit. For P/D = 1.1, on the other hand, the trend is the same in

the lower modified Grashof range but in the middle range the data

intersect so that for the larger Grashof numbers the Nusselt numbers

are higher for the higher heat fluxes. This large Grashof behavior

'for P/D = 1.1 is also that portrayed by the numerical results of

Davis and Perona (12). For large axial distances from the leading

edge, as the Nusselt number, hD/k, approaches its fully-developed

asymptotic value, their heat transfer results are also higher for the

higher heat fluxes (low F ).

Because of the complex interaction of spacing effects, stratifi-

cation, viscous and buoyant forces, flow rate, etc. , the reasons for

these trends are not obvious. However, it is important to remember

that the ambient temperature in the Nusselt number definition was
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measured below the leading edge of the test section. Near the

leading edge, which corresponds to low Grashof numbers and small

temperature differences, the higher heat fluxes could possibly lead

to increased thermal stratification, thus raising the "local ambient"

temperature in the channels. This, in turn, would result in higher

wall temperatures and lower Nusselt numbers than for the lower

flux conditions. At large axial distances from the entrance, the

temperature differences are larger so that the stratification effect

is less important in the Nusselt number evaluation, explaining the

asymptotic behavior for large Grashof numbers. This explanation,

of course, is only valid for P/D = 1. 5 and 1. 3. The intersecting

behavior for P/D = 1. 1 is much harder to explain. One possibility

is that as the flow progresses downstream, an increased velocity

level for the higher heat flux eventually overcomes the hypothesized

stratification effect, resulting in higher Nusselt numbers for the

higher heat fluxes. If the asymptotes in the upper Grashof range for

P/D = 1. 5 and 1. 3 are actually intersection points, which an extra-

polation of the correlation equations would show them to be, this

last hypothesis could be applied to all three arrays. The effect of

reducing the cylinder spacing would then be to shift the intersection

point to lower Grashof numbers.
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The heat transfer data was reduced to the N ux - Grx form by

using computer program CY7HTX. The SIPS regression equations

for the results shown in Figures IV. 5 - IV. 7 are as follows:

q = 1500 Btu/luit
2

P/D = 1.5 q = 2250

q = 3000

q = 1500

P/D = 1.3 q = 2250

q = 3000

q = 1500

P/D = 1.1 q = 2250

q = 3000

Nux = .338(Gr
* .161
)

x

: Nu = .296(Gr *) 167
x x

: Nu = .269(Gr *)'171
x x

: Nux = .477(Gr *) '144
x

: Nu = .430(Gr*)
.148

x x

: Nux = .394(Gr
*)*152

x

: Nu = .993(Gr *) .0%2
x x

: Nu = .880(Gr *) 105
x x

: Nu = .832(Gr *)'108

R
2

= ;9992

R2 = 9993

R2 9988

R2 = .9982

R2 = .9977

R2 = 9999

R2 9761

2R = 9777

R2
.9824

(a)

(b)

(c)

(a)

(b)

(c)

(a)

(b)

(c).

(IV .12)

(IV.13)

(IV.14)

The non-linearity of the log-log form of the Nux - Grx data for

P/D = 1. 1, Figure IV. 7, results in significantly lower values of the

correlation coefficient, R2, for this bundle. This, of course, suggests

that the local heat transfer results for P/D = 1. 1 may be better

described by a functional relation other than the simple power law

one. However, for discussion of trends in these results, this form

was thought to be adequate. As will be discussed further in the next
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chapter, the flow characteristics encountered for P/D = 1.1 were also

quite different from those for P/D = 1.5 and 1.3.

By using these equations the magnitude of the heat flux depend-

ence may easily be calculated. For P/D = 1.5 and 1.3, the maximum

deviation occurs at the low Grashof number limit. For P/D = 1.5

the difference between the Nusselt numbers for q = 1500 and 3000

Btu/hrft2 at Gr = 105 is 12% while for P/D = 1.3 it is 10. 4 %.

P/D = 1.1, the largest deviation over the data range is 9.9% for

Gr = 10
10

x

For

Therefore, over the range studied, the effect of heat flux is

not excessive. Without losing much generality, then, average

correlations for the data in Figures IV. 5 IV. 7 can be developed.

The resulting equations, along with the single cylinder results

obtained with the taut wire probe (Equation IV. 11) are plotted in

Figure IV. 8 and given below:

.P/D = 1.5 : Nux = .305(Grx
*

)
165 R2 = .9965 (IV. 15)

.P/D = 1.3 Nux = . 439(Grx*
)

147 R2 = .9949 (IV. 16)x

P/D = 1.1 : Nux = . 898(Grx
* 103

, R2 = .9758 (IV. 17)

The effects of the cylinder spacing are evident from this figure.

Clearly, as the pitch is decreased from infinity, the Nusselt number

in the low Grashof range increases, but in the upper range it
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decreases. In the range of Grx from about 107 to 108 the Nusselt

number is relatively independent of the cylinder spacing, since this

is the region in which the correlation lines intersect. The magnitude

of the spacing effect is large. For Grx = 105 the Nusselt number

for P/D = 1.1 is 52.6% higher than that for the single cylinder. On

the other hand, at Grx = 1010 the single cylinder Nusselt number is

higher than that for P/D = 1. 1 by 62. 7%.

A possible explanation for the intersecting behavior of the heat

transfer results for the various geometries is the following. For the

single vertical cylinder, entrainment of cool fluid into the momentum

boundary-layer occurs over the entire cylinder length, as shown in

Figure IV. 9 (a). However, as the rod spacing is reduced in the bundle

situation, the momentum boundary-layers from adjacent cylinders

merge, and the entrainment of fluid in the channels must therefore

occur increasingly in the region of the leading edge (Figure IV. 9 (b)).

As the pitch is decreased, then, the velocity level in this region

(low x) is increased, which results in lower wall temperatures and

higher Nusselt numbers in the low Grashof number range. Further

downstream, however, the increased interference of the thermal

boundary-layers for the small pitch-to-diameter ratios results in

increased resistance to heat transfer. Thus, for axial positions far

from the entrance, this increased resistance eventually overshadows

the effect of increased entrainment velocity, explaining the intersecting
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90

behavior of the results and the corresponding lower Nusselt numbers

for the smaller P/D's at high Grx . Increased viscous forces for

the closer spacings probably also plays a role in reducing the Nusselt

numbers at the high Grashof numbers. In order to help establish or

refute these hypotheses, an investigation of the velocity distributions

for various bundle conditions is clearly needed. However, because

of the small size of the fluid channels in the arrays of this study,

such an investigation was not possible with the existing hot film

anemometry.

The intersecting nature of the results of Figure IV. 8 is some-

what different than the vertical parallel plate channel results reported

by Colwell (9). He found that as the channel width was reduced the

Nusselt numbers increased over essentially the entire Grashof

number range. This was explained by noting that increased buoyancy

and lack of viscous interaction for the narrower channels in mercury

leads to an increased velocity level which reduces the wall tempera-

tures.

By calculating an average cylinder spacing for the three bundles

used in this investigation, an average "aspect ratio" similar to that

defined by Colwell can be formed as the length-to-spacing ratio. In

this manner the array results of this study can be compared to

Colwell's parallel plate channel results. Details of the calculation

are given in Appendix B. For P/D = co, 1. 5, 1. 3, and 1. 1, the
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results are: Ar = 0, 4. 88, 7.70, and 18. 20, respectively. The

local heat transfer results of this investigation for P/D =co, 1. 5, 1.3,

and 1. 1 (Equations IV. 11, IV. 15-IV. 17) are compared with those of

Colwell for Ar = 0, 5, 8, and 19 in Figure IV. 104. The results agree

fairly well for the wider spacings but not quite as well for the nar-

rower ones. Over the modified Grashof number range from 105 to

1010, the maximum deviations are 7.9% for Ar = 0, 3.9% for Ar = 5,

14.7% for Are 8, and 12. 5% for Ar 19. The Ar = 0 comparison

in Figure IV. 10 (a) is simply a comparison of the flat plate results

of Colwell to the single cylinder results of this thesis. The fact

that the cylinder regression is higher than the flat plate one reflects

the transverse curvature effect. The disagreement at the larger

aspect ratios could be partially due to the fact that the average aspect

ratio for the bundles is in all cases less than the channel Ar for which

the results are compared. Since Colwell found the Nusselt numbers

to increase for increasing Ar, this could be part of the reason his

channel results are higher than the corresponding tube bundle results.

In any event the disagreement is not extreme. For engineering

purposes, then, it appears that the parallel plate channel results may

be applied to the cylinder array situation for the corresponding
4The results of Colwell used in Figure IV. 10 are those for which

no side plates were attached to the channel. The aspect ratios tested
for the runs with side plates were not the right ones to afford com-
parison with the arrays investigated here.
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average aspect ratio. However, this conclusion applies only for the

comparatively large diameter cylinders used in this study, for which

the effect of curvature on heat transfer is small. It should also be

remembered that the array results presented in Figure IV. 10 are for

the 0° circumferential position. For cases in which the circumferen-

tial dependence is large, the agreement between the bundle results

and ColwelPs channel results will be much poorer.

The influence of circumferential position on the heat transfer

results is shown in Figures IV. 11-IV. 14. As mentioned previously,

the bundle data was obtained for the heat flux q = 1500 Btu/hrft2 at

the seven angular positions A = 0°, ± 10°, ± 20°, ± 30° and at ten

axial locations. For clarity, the data was averaged at the correspond-

ing angular positions in the two symmetry units (Figure III. 1) so that

single points are plotted for A = 0°, 10°, 20°, 30°. The results for

the single vertical cylinder case are included to exhibit the "random"

circumferential effects encountered experimentally for the theoreti-

cally axisymmetric case. The average variation in the Nusselt

number at a given Grashof number for this case is approximately

± 1%. The lines plotted in the figures are the single cylinder taut

wire probe correlation (Equation IV. 11) for Figure IV. 11 and the

correlations for q = 1500 Btu/hrft2, 0 = 0° from equations IV. 12-

IV. 14 for the arrays (Figures IV. 12-IV. 14).
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An inspection of the figures shows that for P/D = 1.5 and 1.3

the circumferential effect is small while for P/D = 1.1 it is quite

significant. For P/D = 1.5, the average circumferential variation

in the Nusselt number at a given axial location is ± 2. 6% and for

P/D = 1.3 it is ± 4.1%. Furthermore, for these two spacings the

Nusselt numbers for the various angular positions exhibit no particu-

lar pattern other than that the Nusselt numbers for = 300 are

usually the lowest. For P/D = 1.1, on the other hand, the heat

transfer results decrease steadily as the circumferential position is

varied from 0 o to 300, and the average difference between the Nusselt

numbers for 8 = 0o and A = 30o is 27. 1%. This trend for P/D = 1.1

is the one intuitively expected. At = 0
o the central cylinder faces

a coolant channel, but at the 8 = 300 position, the spacing between

adjacent cylinders is at a minimum (Figure III. 1). Therefore the

surface temperatures are expected to increase and the Nusselt

numbers decrease as the circumferential angle is varied from 0 0

to 300, which is precisely the trend exhibited in Figure IV. 14. What

was not expected was the step change in the magnitude of the

circumferential effect between P/D = 1.3 and 1.1. It is also

interesting to note that on the log-log coordinates of Figure IV. 14,

the 8 = 300 data for P/D = 1.1 is very linear, but as 8 is decreased

the data becomes less and less linear. The reasons for this trend

are not clear.
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The significance of these circumferential results is that for

P/D = 1.5 and 1. 3, the local heat transfer results given previously

for the 0° position apply equally well for all angular locations. Thus,

if it is desired to take the heat flux dependence into account, Equations

IV. 12 and IV. 13 may be used, and if this rather small effect is

ignored, the average correlations presented in Equations IV. 15 and

IV. 16 may be used. However, because of the large circumferential

dependence for P/D = 1.1, Equations IV. 14 and IV. 17 apply well only

at the 0o location.

To account for this dependence, a correction factor was

developed in the following way. First it was noticed that in Figure

IV. 14, the local heat transfer data for the four angular positions all

have approximately the same slope (± 3. 3%). Therefore, in the

power law correlations, Nux = C(Grx )n
, the circumferential position

strongly affects only the coefficient, C, while the exponent, n, is

relatively independent of A. By regressing the entire set of data

shown in Figure IV. 14, the average exponent (slope) was found to be

. 0981. The next step was to obtain the least-squares correlation

equations for each of the four angles Oo, 10o, 20o, and 30 °, with

the exponent forced to be . 0981. The resulting values of the coef-

ficients, C, were then used to develop a best-fit linear relation for

C as a function of A. The values of C and this function are shown in

Figure IV. 15. The circumferential dependence of the data presented
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in Figure IV. 14 for P/D = 1.1 is thus well represented by the equation;

tu
P/D = 1.1 : Nu = .954 (1 - .408 g) (Gr *) 0981 B

q = 1500 2 ,Ain radians. (IV.18)
( hrft

The maximum deviation between this equation and the data is about

6%, and for A = 00 it agrees with Equation IV. 14 (a) to within 2%

over the entire Grashof number range. It is felt that the circumferen-

tial correction factor,

f(A) = (1-. 408 , A in radians, (IV. 19)

may be applied equally well to the P/D = 1. 1 correlations for heat

fluxes other than q = 1500 Btu/hrft2; in particular, Equations IV. 14 (b)

(q = 2250 Btu/hrft2), IV. 14 (c) (q = 3000 Btu/hrft2), and IV. 17

(average for all heat fluxes). However, since preliminary investiga-

tions showed the circumferential effect to be somewhat larger for the

lower heat flux, slightly conservative values for the Nusselt numbers

may he expected.

For calculating average wall-ambient temperature differences

for the constant heat flux case, rod-average heat transfer correlations

are of value. For the single vertical cylinder and the two wider array

spacings the heat transfer results are essentially axisymmetric, and

the rod-average results are obtained simply as axial averages of the

local heat transfer results. For the power law expression, Nux =

C(Grx*)n, the axially averaged results are found as:
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(IV. 20)

For P/D = 1.1, the circumferential dependence requires that the rod-

average results be obtained by a circumferential as well as an axial

integration. For Mix = Cf(0) (Grx*)n:

Tr /6 L

4n-1
ci

*nNu = C6 S Sf(8)(-*--)n x
L

dxA =[ C
Gr

4n L
kv

0 0

Tr/6
r 6 S f(Q)dg .
L TT-

0

(IV.21)

Using f(g) = (1 - .408'Q) for P/D = 1. 1 and Equations IV. 11, IV. 15 -

IV. 17, the cylinder-average heat transfer results are given as:

Single cylinder

P/D = 1. 5

P/D = 1. 3

P/D = 1. 1

:

:

:

.182NuL = .326 (Gr

NuL = . 462 (GrL* 165

NuL = .747 (GrL 147

NuL = 1.95 (Gr
* 103

(IV. 22)

(IV. 23)

(IV. 24)

(IV. 25)

For GrL = 1010, which was typical for this work, the average Nusselt

numbers for the various geometries are given in Table IV. 1. It is

of interest to note that due to the intersecting nature of the local heat

transfer results (Figure IV. 8), the cylinder-average results for
10GrL = 10 are nearly independent of rod spacing.
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Table IV. 1. Average Nusselt numbers at GrL = 1010.

Single Cylinder

(P/D = co) P/D = 1. c P/D = 1.3 P/D = 1.1

21.5 20.6 22.0 20.9

To generalize the heat transfer results of this investigation, it

would be helpful to develop a single correlation equation which

describes the data presented here. However, because of the large

number of parameters present in the local heat transfer results

(such as q, P/D, A), this task is very difficult. It is further

complicated by the presence of four geometrical parameters, P, D,

L, and A, only two of which, P and A, were varied. It is probably

unreasonable to expect a complicated geometry such as the vertical

tube bundle to be completely described by a single correlation any-

way. In fact Davis and Perona (12), who authored the only analytical

investigation found for natural convection in this geometry, present

their local heat transfer results in a parametric form very similar

to that previously presented here (Figures IV. 5 - IV. 7). So

although the heat transfer results of this study cannot be generalized

to all configurations, fluids, or boundary conditions for free con-

vection in an equilateral triangular array of vertical cylinders, they



104

can be used qualitatively to predict the effects of varying certain of

the important parameters for this situation.
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V. TEMPERATURE FIELD CHARACTERISTICS

Introduction

Heat transfer correlations, such as those presented in the

preceeding chapter, can be used quantitatively in specific design

applications. For the constant heat flux boundary condition studied

here, they are generally utilized to calculate surface temperature

distributions. However, the characteristics of the fluid tempera-

ture field are also of importance. A knowledge of these character-

istics allows qualitative conclusions to be drawn concerning such

things as the flow regime encountered, parameters affecting the

temperature field, the validity of assumptions made in analytical

work, etc. Therefore, an investigation of the temperature distribu-

tions in the tube bundles of this study is of some importance.

Two basic types of information will be presented. First, con-

sideration is given to the mean temperature profiles. Although the

heat flux was fixed for this data, the effects of rod spacing and axial

and circumferential position are investigated. The second type of

information presented that concerning the amplitude and frequency

of the temperature disturbances which were encountered for the

bundles. Particular attention is paid to the influence of cylinder

spacing and axial and radial position on these fluctuations.
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Mean Temperature Profiles

Temperature profiles were obtained for the single cylinder and

the three array configurations, P/D = 1. 5, 1.3, and 1.1. The heat

flux was fixed at q = 3000 Btu/hrft2, and radial profiles were

recorded at each of three axial locations corresponding to local

modified Grashof numbers of 106, 108, and 1010 and at the four

circumferential angles, A-' 0 , 100, 20o and 300. The mean fluid

temperatures were obtained by reading the thermocouple output on

the Fluke DVOM every five seconds for two or three minutes, depend-

ing on the severity of the disturbances, and averaging the results,

Near the cylinder surface, the temperatures were recorded at radial

increments of .010 inches, but further out as the temperature gradient

became less steep, the increment size was increased. The radial

traverses were continued outward until the edge of the fluid sym-

metry unit for that circumferential position and array spacing was

reached (see Figure III. 1). At this location the temperature gradient

vanished, as expected, in all but a few cases (e. g. , Figure V. 3 (a)).

Slight misalignment of the cylinders was thought to be the cause of

this anomaly.

The resulting mean profiles are presented in dimensionless

form in Figures V. 1 - V. 4. The dimensionless temperature is

defined as T--T
co

/T
o co
-T , Which is the one quite 'often'used in natural
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convection analyses. The dimensionless radial coordinate is the

ratio of the radial distance from the cylinder surface to the cylinder

radius, y/ro. It is to be emphasized that there is nothing particularly

significant about this choice of dimensionless parameters. Since

there is no known theory for the case in which strong circumferential

dependence is present for tube bundle natural convection, these para-

meters were chosen mainly as a convenience for discussing qualitative

trends in the data.

The single cylinder data was taken primarily to providb comparison

profiles for the identical conditions for which the array profiles were

taken. However, when they were reduced to the 9 - coordinates

suggested by the similarity analysis of Sparrow and Gregg (57), they

agreed well with the profiles of Wiles (65) for his middle cylinder

size. This helps to justify both the stretched wire thermocouple

probe and the experimental technique for taking these profiles.

The trends shown by the data of Figures V. 1 - V. 4 are just

as one might expect. For the cylinder, the dimensionless tempera-

ture falls to zero at large radial positions as the fluid temperature

approaches its ambient value. However, as the cylinder spacing for

the bundles is decreased from infinity, the dimensionless temperature

at large y does not go to zero, reflecting the thermal stratification

effect (mergence of boundary-layers) caused by the confined flow
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situation. This effect is seen to become more prominent as P/D is

decreased.

The influence of axial position is also shown by these results.

By defining the thermal boundary-layer thickness to be the y location

at which the dimensionless temperature is 0.1, for example, the

axial growth of this boundary-layer on the single cylinder is easily

seen. Increasing the axial position for the array configurations

results in increased mid-channel stratification, which is to be

expected for the developing channel flow situation. For the combina-

tion of the smallest pitch-to-diameter ratio and the largest axial

position, P/D = 1. 1, Gr = 1010, the temperature profiles are very

flat (Figure V. 4. (c. )).

The circumferential dependence of the bundle profiles is

probably of most interest. In the numerical analysis of Davis and

Perona (12) for free convection tube bundle flow in air, axisymmetric

conditions were assumed, and calculations were carried out for values

of P/D down to 1. 2. However, for mercury the data presented in

Figures V. 2 - V. 4 suggest that axisymmetry can be assumed only

down to about P/D = 1. 5. Even for this pitch-to-diameter ratio, the

radial profiles show some circumferential dependence. The effect

is more pronounced for P/D = 1.3 and is very large for P/D = 1. 1.

Note that the pattern for this circumferential effect is the one intui-

tively expected. As A is increased from 00 for given axial and radial
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locations, the "local cylinder spacing" is effectively reduced,

resulting in higher fluid temperatures for the constant heat flux

condition. Another interesting point is that for P/D = 1.3, the tem-

perature profiles are definitely not axially symmetric, but the heat

transfer results (presented in Chapter IV) show very little angular

dependence. For P/D = 1.1, on the other hand, both the temperature

profiles and heat transfer results are strongly dependent on circum-

ferential position. This is explained by the fact that the deviations

in the profiles are largest at mid-channel and the Nusselt number

evaluation depends on the wall temperature measurement. In effect,

then, the asymmetry does not penetrate to the surface for P/D = 1.3,

while for P/D = 1.1 it does.

The presentation of the temperature distributions in Figures

V. 1 - V. 4 again points up the need for an investigation of the velocity

fields in the cylinder arrays. For the wide rod spacings the velocity

profiles are expected to be very similar in shape to those for uncon-

fined natural convection flow situations (Figure II. 1). However,

the axial development of the temperature profiles for the smaller

pitch-to-diameter ratios, especially P/D = 1.1, suggests that

relatively high velocities may be encountered in the mid-channel

region. For P/D small enough, the velocity profiles could even

approach the shape usually associated with forced convection heat
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transfer. Of course, these very narrow channels would also be the

most difficult to investigate experimentally.

Temperature Fluctuations

It was the intent of this thesis to study only the laminar flow

regime. The maximum modified Grashof number investigated was

approximately Grx = 1010. By using the definition of Grx =

(Nu Gr ) and the heat transfer correlations presented in the lastx x

chapter, this can be seen to correspond to a "regular" Grashof

number, Grx of about 109. This is the value quite often quoted for

the onset of transition in many natural convection flows. Further-

more, Colwell (9) in his study of the vertical channel in mercury

found that for spacing-to-length ratios of 0. 2 -or less, the, appearance
8of early transition waves did not occur until about Grx = 4 x 10 or

higher. The average spacing-to-length ratio for the bundles

investigated here was . 205, .130, and . 055. Thus it was surprising

to encounter rather large temperature fluctuations for Grashof

numbers much smaller than 108.

The temperature disturbances were recorded at various locations

in the fluid channels by feeding the thermocouple output to the Leeds

and Northrup Speedomax recorder. The disturbance plots were taken

at six radial locations for each of the profile conditions presented in

Figures V. 1 - V. 4. However, because no appreciable circumferential
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influence was detected, all of the recordings presented here are for

the 0o position. Also, since the heat flux was fixed at q = 3000

Btu/hrft2, its effect cannot be studied.

As might be expected, the fluctuations for the highest local

Grashof number, Grx 10
10 , were the most severe. The record-

ings for this condition are shown in Figures V. 5 - V. 8 for the single

cylinder and the three arrays. The effect of cylinder spacing as

shown in these figures is quite interesting. For the single cylinder

(P/D =co) the disturbances at Gr = 1010 are of negligible amplitude,
x

and no characteristic frequency can be discerned. However, for the

widest array, P/D = 1. 5, relatively large amplitudes and frequencies

are encountered. As the spacing is reduced still further, the

amplitudes and frequencies decrease until for P/D = 1. 1 they are

again negligible. This trend is similar to the one reported by Colwell

('f)) for his investigation of transition in vertical channels in mercury.

Colwell found that the minimum streamwise location of early transition

waves occurred for a channel width-to-height ratio of about 0. 4 and

that this location increased rapidly as the spacing was either increased

or decreased from this value. Since Colwell's study was directed at

finding the axial location at which velocity waves begin to grow,

quantitative comparisons with the temperature disturbances recorded

here for only three axial positions, are not feasible. However, it is

of interest to note that the largest equivalent width-to-length ratio
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Figure V. 5. Radial distribution of temperature fluctuations for single
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Figure V. 7. Radial distribution of temperature fluctuations for P/D
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tested in this study was 0. 2 (P/D = 1. 5), so that for wider spacings,

fluctuations even larger than those recorded for P/D = 1. 5 might be

expected.

The observation that the buoyant flow in the wider bundles is

more unstable than that for the cylinder is thought to be due to the

interaction of the merging momentum boundary-layers from the bundle

cylinders. For the larger pitch-to-diameter ratios in mercury, the

boundary-layers merge in a fairly wide inviscid region for outside the

peaks in the velocity profiles. In this region, viscous forces are not

effective in dampening disturbances present in the flow. As the pitch

is reduced, however, viscosity plays a more important role in the

balance of forces thus preventing the growth of the disturbances. This

would explain the decreasing amplitude of the disturbances for the

smaller pitch-to-diameter ratios.

The radial distribution of the fluctuations is also evident from

Figures V. 5 - V. 8. For the single cylinder and the narrowest bundle,

P/D = 1. 1, no conclusions can be drawn concerning the radial

location of maximum fluctuations, since the fluctuations are of such

small amplitude. Recorder noise and drift presented problems in

accurately plotting these very small amplitudes. However, for P/D =

1. 5 and 1.3, the location of maximum amplitude appears to be in the

range y = .100 - .150 inches. This is the same region reported by

both Humphreys (25) and Colwell (9) for maximum velocity disturbances
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in the parallel plate channel. The magnitude and frequencies of the

temperature disturbances for these two arrays at this radial location

are relatively large. For P/D = 1. 5 a characteristic peak-to-peak

value appears to be on the order 1. 5°F. and for P/D = 1. 3, 1. 0°F.

This is about 12% and 7. 5%, respectively, of the local wall-ambient

temperature difference. By counting peaks on these plots, the

characteristic frequency at this location is approximately 0. 25 hertz

for P/D = 1. 5 and 0. 1 hertz for P/D = 1.3.

Another observation to be gained from these figures is that the

amplitude of the temperature fluctuations decays very little as the

cylinder surface is approached from the region of maximum

disturbances. Although no recordings are presented for the wall

temperature fluctuations (y = 0), in all cases there was little dif-

ference between the amplitudes and frequencies recorded at the closest

radial position and those at the surface. These large wall tempera-

ture fluctuations are in good agreement with the stability analysis of

Knowles and Gebhart (30) for the vertical, uniform flux flat plate.

These authors numerically solved the Orr-Sommerfeld equations

and presented distributions for both the velocity and temperature

disturbance amplitudes. For the zero thermal capacity case, which

is quite close to the condition in the experiments reported here, and

for Pr = 0. 733, they found that the temperature disturbance amplitude

at the wall was approximately 80% of the maximum value occurring

in the boundary-layer. The fluctuation distributions were shown to
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be only weakly dependent on the Grashof number, and the effect of

decreasing the Prandtl number (Pr mercury 023) was found to

increase the relative wall disturbance amplitude. The recordings

presented in Figures V.6 and V. 7 for P/D = 1. 5 and 1.3 tend to

confirm these predictions.

The axial growth of the temperature fluctuations for P/D = 1. 5

and 1.3, y = .150 inches, is shown in Figure V.9. Interestingly,

the amplitudes and frequencies of the disturbances for the two bundles

are comparable at Grx = 106 and 108. However, for Grx = 1010,

the amplitude for P/D = 1. 5 is noticeably larger and the frequency

is at least double that for P/D = 1.3. Apparently, there is a stream-

wise growth mechanism operating between the Grx = 108 and Grx

1010 axial locations which causes larger amplification of the

disturbances for P/D = 1. 5 than for P/D = 1.3. More will be said

about this shortly.

Figure V.9 also points out that for P/D = 1. 5 and 1. 3 relatively

large fluctuations in the fluid temperatures occur even for the low

Grashof number, Grx 106. In comparison, Colwell (9) found the

minimum streamwise location for growing velocity disturbances to

be approximately Grx 2 x 107 for a channel with B/L L: 0. 4.

Although direct comparison of velocity and temperature disturbances

is somewhat tenuous, it appears that the rod bundle flow may be

relatively less stable than that for the channel.
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As mentioned in Chapter II, there have been no theoretical

analyses of laminar instability for complicated geometries such as

the cylinder array. In fact the analysis of most applicability to this

work is that of Hieber and Gebhart (24) for the vertical, uniform flux

plate, Pr = .025. For this case, their stability plane results indicate

that for modified local Grashof numbers larger than about Grx

2 x 106, unstable laminar flow should be encountered. For the test

conditions of this study, the characteristic frequency of these insta -

bilities should be on the order of 0.35 hertz. It would seem that for

the relatively large diameter used here, the single cylinder would be

a very good approximation to the flat plate situation. However, the

thermocouple outputs for the single cylinder (Figure V. 5) show

negligible fluctuations even for the highest Grashof number investi-

gated, Grx = 1010, and certainly none with a frequency as large as

0.35 hertz. Even for the most unstable situation encountered, P/D =
101.5, Grx = 10 , the frequency was less than 0.3 hertz. This lack

of agreement between the theory and the single cylinder experiments

is not clearly understood, especially since the experimental results

of Humphreys (25) for the flat plate in mercury agree very well

with the analysis of Hieber and Gebhart.

Humphreys also experimentally investigated the unstable

laminar and transition regimes for natural convection in the vertical

channel geometry. In order to explain the large negative velocity
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spikes he encountered inside the peaks in the velocity profiles,

Humphreys hypothesized the formation of a double row vortex system

(Figure V. 10). He reasoned that near the wall the positive velocity

gradient would tend to cause counter-clockwise vortices which are

rather small in size since they are constrained by the small distance

between the peak and the wall. Outside the peak, on the other hand,

the negative velocity gradient would lead to much larger clockwise

vortices since they are constrained only by the distance between the

peak and the channel centerline. Occasionally, these large eddies

would be expected to pass to the inside of the velocity peak carrying

with them cool mid-channel fluid with a relatively low mean velocity.

The velocity deficit of these fluid packets would then result in the

negative fluctuations in the anemometer output which Humphreys

observed.

This hypothesis seems to be corroborated by the temperature

disturbance recordings presented here for the rod bundles. If these

large, relatively low temperature eddies do pass to the inside of the

velocity peak, large negative spikes in the temperature recordings

should also appear. As shown in Figures V. 6 and V. 7, such spikes

were observed for P/D = 1.5 and to a lesser extend for P/D = 1.3.

The temperature fluctuation plots for y< .050 inches are the ones of

interest since the location of the velocity peak for all channel

conditions was found to be approximately y = . 050 inches.
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Figure V. 10. Humphreys (25) by othesized double row eddy system.

To conclude this chapter a brief summary of the flow regimes

thought to be encountered seems appropriate. For the single

cylinder, the situation is the relatively simple one of natural convection

from an isolated vertical surface. The smoothness of the disturbance

plots (Figure V. 5), even for the relatively high Grashof number

Gr = 1010, indicates that the flow is laMinar and stable. For the
x

larger pitch-to-diameter ratio bundles, the characteristics of the

buoyant flow would not seem to be too different from those for the

single, isolated surface except for the destabilizing influence caused

by the merging of multiple boundary-layers. For P/D = 1. 5, the

regime is thought to be the unstable laminar one. As shown in
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Figure V. 9 (a. ) there is an appreciable amount of streamwise

amplification of the temperature fluctuations. Also, the frequency

which first appears is soon overtaken by higher frequencies, and

these higher frequencies are not too different from those predicted

by stability theory. These observations are in agreement with the

analyses of Gebhart and his students. For P/D = 1. 3, the situation

is similar to that for P/D = 1. 5 except that the streamwise amplifi-

cation and shift to higher frequencies are much less pronounced.

It seems that perhaps the effects of the confinement of the flow, in

particular the viscosity, hinders the amplification of frequency

components which are usually highly' amplified for the single surface

situation. Finally, for P/D = 1. 1, the confinement effect is so strong

that the flow is probably close in nature to forced convection. Since

the Reynolds number would be too small (on the order of 500) to

support any instabilities, the regime would be expected to be the

laminar stable one, which the recordings of Figure V. 8 confirm.

Thus, in all cases the laminar flow regime was the one encoun-

tered, although in a few instances it was the unstable laminar regime.

Since heat transfer results generally do not deviate significantly from

their laminar values until the level of turbulence is fairly high, the

correlations presented in Chapter IV can probably be extrapolated

somewhat beyond the Grx = 1010 limit for which the data was taken.

Such extrapolations should be used very cautiously, however.
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VI. CONCLUSIONS AND RECOMMENDATIONS

The purpose of this thesis was to experimentally investigate

natural convection from arrays of uniformly heated vertical cylinders

to mercury. While the results may be used quantitatively in certain

practical applications, their main contribution is in revealing how

certain of the important parameters affect the temperature fields for

this configuration. One significant discovery was that for small

enough rod spacings, both the heat transfer and temperature

distribution results were not axially symmetric. Therefore, the

free convection rod bundle situation is indeed three-dimensional, as

intuitively expected.

Other main conclusions reaches in this study may be sum-

marized as follows:

1. The stretched wire thermocouple probe did not significantly

disturb the buoyant flow. This was confirmed by taking

heat transfer data both with this probe and with a more

conventional L-shaped probe for the case of the single

vertical cylinder. The two sets agreed well with each

other and with the data of Wiles (65).

2. For each array of cylinders tested, P/D = 1. 5, 1. 3, and

1.1, the Nux - Gr heat transfer results depended
x

parametrically on the applied heat flux. Although the
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effect was not large, it indicates that the Nusselt and

Grashof numbers are not the only significant parameters

for this confined flow situation.

3. Reducing the rod spacing in the arrays resulted in

increased Nusselt numbers in the low Grashof number

range but decreased values in the upper range. At the

high and low Gr limits for which the data was taken,x

the magnitude of this effect was large.

4. The tube bundle heat transfer results agreed fairly well

with the parallel plate channel results of Colwell (9).

The comparison was made by defining an average length-

to-spacing ratio (Ar) for the bundles and comparing the

two sets of results for approximately equal values of this,

ratio.

5. For the cylinder diameter and heated length used here,

the dependence of the heat transfer results on circum-

ferential position was small for P/D = 1.5 and 1.3, but

quite significant for P/D = 1.1. The mean temperature

distributions, however, were only approximately axis-.

ymmetric for P/D = 1.5 and much less so for P/D = 1.3

and 1.1.

6. Because of the intersecting nature of the local Nux - Grx

results for the various geometries tested, the rod-average



138

Nusselt numbers were found to be fairly independent of

cylinder spacing for GrL = 1010 which was a typical

value for these experiments.

7. The trends displayed by the rm an temperature profiles

were just as one might expect for this flow configuration.

As the cylinder spacing was reduced or the axial position

or circumferential angle increased, the degree of thermal

stratification of the mercury above the ambient inlet value

was also increased.

8. Although rather severe temperature fluctuations were

encountered, in all cases it was felt that the flow regime

was still laminar. For the single cylinder and P/D = 1.1,

the laminar flow was stable but for P/D = 1. 5 and 1.3 it

was unstable.

9. The temperature disturbance recordings showed trends

which agreed with the results of other investigators. In

particular the radial location of maximum fluctuation

amplitudes, the relative wall disturbance amplitude, and

the existence of large negative temperature fluctuations

near the wall agree well with the results of Colwell (9),

Knowles and Gebhart (30) and Humphreys (25), respec-

tively.
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10. One point of disagreement (also noted by Wiles (65)) was

the stability of the single cylinder flow situation for high

Grashof numbers. The experiments of Humphreys (25)

and the stability plane results of Hieber and Gebhart (24)

indicate that for the flat plate the unstable regime should

be encountered.

The documentation presented in this thesis for tube bundle

natural convection is by no means complete. In order to further the

understanding of this situation and to help confirm or refute hypotheses

made for the phenomena noted in this study, the following areas are

recommended for further investigation:

1. As mentioned previously, an investigation of the velocity

distributions in the arrays would be highly desirable.

These results would allow conclusions to be drawn on

such matters as the flow regime encountered, the axial

development of the velocity profiles, inlet velocity

conditions, flow rates, etc.

2. To complete the picture on the heat transfer results,

investigations of other cylinder diameters, heated lengths,

and thermal boundary conditions are needed. Of particular

importance for the LMFBR application are small

diameters and very long heated lengths.
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3. Since square arrays of the fuel rods (as well as the

equilateral triangular ones studied here) are under con-

sideration for the LMFBR, this geometry should also be

investigated.

4. Extension of the laminar results to the transition and

turbulent regimes is of great importance. Such a study

would not only provide information on how the flow regime

affects the heat transfer, but it would also provide insight

on the details of transition from laminar to turbulent flow

for low Prandtl number fluids.

5. Finally, a crossed-wire or "X" configuration anemometer

investigation would be desirable, The results would

reveal the presence of any secondary mean flows, and

for the transition and turbulent regimes the magnitudes

of the instantaneous velocity components could be found.
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NOMENCLATURE

total heated surface area

aspect ratio, channel height-to-width ratio, Colwell
(9)

average heated length-to-spacing ratio for rods in
arrays, see Appendix B.

channel width

dimensionless coefficient in heat transfer correla-
tions

specific heat

diameter of cylinders for single cylinder and array
geometries

D1' D2 outer and inner diameters for annulus geometry

dimensionless flow rate, Davis and Perona (12)

f(G) circumferential correction factor in heat transfer
correlations for P/D = 1.1

g acceleration of gravity

h, h local and average heat transfer coefficients

k thermal conductivity

L heated length

m, n arbitrary exponents

M, N arbitrary coefficients

P pitch, center-to-center distance between cylinders
in the bundles

P1, P2... P7 power dissipated in individual heater elements



P/D pitch-to-diameter ratio

q surface heat flux

r radial coordinate

ro cylinder radius

dimensionless ratio of average cylinder Nusselt
number to average flat plate Nusselt number, R
(Ru)cyl/(icu.) Fahidy (19)

R1' R2, . , R7' R shunt individual shunt resistances

R2
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statistical correlation coefficient for least-squares
fitting

T fluid temperature

To surface temperature

Tco ambient temperature

T. temperature at thermocouple junction, Figure III. 11.junction

T centerline temperature for channels

1 01' T
02

surface temperatures for annulus geometry

U(F) uncertainty for variable F, see Appendix A

u, v cartesian velocity components in x and y coordinate
directions

V heater heater element voltage

V V ..V V
15 Z

.
7' shunt shunt voltages

Vtot

x, y

power supply voltage

cartesian coordinates
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Greek Symbols

a thermal diffusivity, a= k/pcp

coefficient of thermal expansion
:= 0. 2r

T1
dimensionless radial coordinate, 1.1= y/x ( G

5x )

Sparrow and Gregg (57)

dimensionless temperature variable, Q = x (T-T
co

)

*). 2,(Grx Sparrow and Gregg (57)
5

circumferential angle (context obvious)

P, absolute viscosity

v momentum diffusivity (or kinematic viscosity),
v = pip

p density

Significant Dimensionless Parameters

Grx, GrL, GrD, Gr Grashof number based on subscripted dimension,
e. g.

Gr =

v2

gpx3 (To - T

Grx ' Gr L , GrD , GrB modified Grashof number based on subscripted
dimension, e. g.

4
* g q xGrx -

kv
2

Nu L average Nusselt number, Nu
L

= hL/k

Pr
C p,

Prandtl number, Pr = v/a
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RaD' RaD Rayleigh and modified Rayleigh numbers ;based on sub-
scripted dimension, RaD = GrD Pr, Rai)* = GrD*Pr

(T-T ) / (To - T ) dimensionless temperature ratio
CO CO

y/ro dimensionless radial coordinate
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APPENDIX A

Functional Uncertainty Analysis

In Chapter III the individual errors involved in using certain

pieces of the apparatus were briefly mentioned. It is the purpose of

this appendix to consider these errors in more detail by performing

functional uncertainty analyses for the dimensionless parameters

used in the results of this thesis: Nux, Grx the correlations Nux =

*nC(Grx ) (T - Tco) / ( To - Too ), and y /ro.

The functional uncertainty analysis is a technique whereby the

fractional uncertainty of a functional relationship is calculated from

the uncertainties of the individual measurements involved in the

function. As such it excludes the random errors of particular

measurements and is concerned only with the accuracy of the

measuring devices, which is systematic error. Without going into

the details of the justification, the fractional uncertainty of a function

,Fwhich depends on i variables, F = F(x.), is given by the expression:

U(F) 1nF 2 1/2 (A. 1)
F LIalnx x.

Of course, to evaluate the functional uncertainties of the dimen-

sionless parameters listed above, estimates of the individual



152

uncertainties for each factor in these parameters must be made.

This is done in Table A. 1 where the first column gives upper bounds

for these individual errors and the second column gives values thought

to be more typical (or average). In all cases the uncertainties list ed

in the first column exceed those claimed in the equipment specifica-

tions or are worst case calculations for suspected errors. The

error listed for the temperature differences To - T and T - T is
co co

the previously discussed one (Chapter III) resulting from the small

distance between the thermocouple probe tip and the junction. All

others are involved with measuring device accuracies. Also, the

fluid properties are assumed to be known exactly for the following

calculations.

The Nusselt number, Grashof number, and the coefficient in

the heat transfer correlations, C, were evaluated with the following

expressions:

Nux k(T
o - Tom) k (Rshunt) (A) (T

o
- Tom)

qx (Vheater) (Vshunt) x

03qx4
gr3

(Vheater) (Vshunt) x4
-Grx =

2
kv2

(Rshunt) (A)

(A. 2)

gx

Nu k (T -T ) 1-n 1-4n 2 n V V
I n

1-4n
o cc 1 kv heater shunt x

C =
* = (kV2

n
1 q x

) k(T - T ) = k ( ) ( R
A

(T -T )
(Grx)n (gpqx

4
)n gP o co gP shunt o co

2
kv
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Table A. 1. Percentage uncertainties for measurements.

Worst case Typical

Voltage ± .1 ± .05
Resistance ± . 05 ± . 02
Heater area, A ± 1. 0 ± . 5
X-position ± 1. 0 ± . 2

Y-position ± 5.0 ± 1.0
T

o Tao
* 3. 0 ± 1. 5

T - T
co

± 3.0 ± .5
Cylinder radius, ro * 8 f . 2

Table A. 2. Percentage functional uncertainties for Nu , G r , C,
x.T - T

co

T T r
0 03 0

Worst case Typical

Nux 3.3 1.6

Grx 4.1 .95

C 3. 1 1. 6
T - T

co
/ - T

co
4.2 1.6

iro 5. 1 1. 0
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Note that the electrical measurement of the heat flux involves four

measured quantities: V V and the area, A.heater' shunt' shunt'

The dimensionless parameters used for the mean temperature profiles

were evaluated just as they are defined:

T - T 1
T - T ' r

o co 0
'(A. 5)

By utilizing equations A. 1 - A. 5, an average exponent n = .15,

and the individual uncertainties listed in Table A. 1, it is a straight-
*forward task to compute the functional uncertainties for Nux, Grx

C, (T - Too / (To - Too), and y/ro. The results are presented in

Table A. 2, again with separate columns for the upper bound and

typical values. The worst case uncertainties are 5% or less while

the more typical values are less than 2%. This is reassuring since

it indicates that the systematic errors inherent in the individual

measurements are not severely propagated when these measurements

are combined to form the various dimensionless parameters.
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APPENDIX B

Average Bundle Aspect Ratio

In order to compare the tube bundle heat transfer results of

this thesis to the channel results of Colwell (9) it was necessary to

calculate an average length-to-spacing ratio for the various bundles.

The situation is shown in Figure B. 1. The hexagon encloses the

fluid assignable to the central cylinder so that the distance from the

cylinder surface to the hexagon is the equivalent half-channel spacing

for the bundle. By analyzing a single symmetry unit, the average

half channel spacing may be written as:

Tr/6 Tr/6

B
2

(B) dA =
6 S 1 [(P/D) D] d A. (B.1)

Tr o 2
11.

20 COSA

Carrying out the integral and simplifying:

6D
L (P/D) In (sec Tr /6 + tan Tr /6) - Tr /6] .

The average aspect ratio, Ar, is defined as:

(B. 2)

Ar = L/B , (B.3)

where L is the heated length. For L = 3.825 inches, D = 1.365

inches, and the various pitch-to-diameter ratios tested in this study,

the average aspect ratio results are as follows:



P/D Ar

1.5 4.88

1.3 7.70

1.1 18.20

These are the values used in Chapter IV.
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(B. 4)
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30
0

B/2

1 ,P) D-D]A =
2

[(--
D

Figure B. 1. Explanatory sketch for average aspect ratio calculation.
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APPENDIX C

Data Reduction Computer Programs
P:OGI.011 CY1HTXA

C

C P.<032AN CTITiTXA CW-IUL::.3 LOCAL NUsi5LLT NO. (NUX)
C ANO LOCAL G,-1ASHOF P.O. (G,=,X*) Fui-, A SINGLE,
C V.IRTICAL, HLATLO CYLINGIk.
C 3Y C. GUTiON
C
C IAITIALIZi VAIABLES
C AE-A - OF A SIi4GLa. HLATING LL'IMENT (S0 FT)
C kSHJHT - SHUNT P,ZSISTA,4CE (OHMS)

AillA=.113116
*2. iNjNi=0.9984

C INPUT
C VIOT - VOLTAGE AGKOSS PO4CR SUPPLY (VJLTS)
C VSNON1T - VULTAG ACOS6 SHUNT WESISANCL'. (VOLTS)

izA0(10,1) 4TOTIVSHUNT
F3k4AI(F10.5)
CURENT=VLHUNT/$HUNT
PuW:.-t=(4TuT-VSHUNT).CUNT

C . . COMPUT L WAT FLJA (STLi/HkS0 FT)
0=3.41294,-'JWLPJA3:.:A
WaTE(61.2) CULNT,PL:W....290

2 FOiNAT(1X,A = F.F8.5t POWL: =

F 0 = t,F10.3)
C INPUT
C X - VL'OiCAL OLSTAACE tNGM L.:AOING LOGE. (IN)
C TWALL - THii-OUCOUPLEI UUEFU1 AT TiiL WALL (MV)
C -UHF TH:A.MOCCGFL OUTPUT OF THE. BATH (MV)

3 izA3(10.4) X.TWALLITINF
4 FJ.i4AT(3F10.5)

IF(E0F(10)) STOP
C CJAVT:,,T 1-,ON-CONzTANTAN NE; MCCoUPlt OUTPUT
C TJ F

TWALl=32.883+34.567*TWA,.l
TL:F=32.8834.34.5674F

C CjlPthi-. Fill .1.li;L;ATURL
T=.74*TWALl+.3TitIF

C FLUIJ
VISC=4.346220-(.991162-02)'1+(.179060:-.-04)*T"2

-(.1275247.-07)'T*3
0.--5=851.514.-(.0804880)*T+(.9861905)*T"2

.-(.5925664..08)-T.3
3 ETA=C.000101

X=X/12.
C THE.-(1AL Ci430CilVITY

C=4.47924+.00830S5e*1-(..380163L-05)4T*42
CWALL=6,47924+.1(6JU9StiTWA1. 6-(.,S80163L-05)*TWALL"2
DIFF=TWALL

A*32.1714* C)r "?.)* (X + "4) *0/ C* VISO" 2)
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43600.0"2
XNUX=O+X/(CWALL*TDIFF)
G'XLOG=AL6G10(X)
XAUXL,JG=ALAJG10(XNUX)
X=X+12.0
WiITZ(11,5) X,GKX,XNUX)4RXLUG,XNUXLOG

5 FOkMAT(1X,F5.3,1X,&.12.412F10.4)
G3 TO 3
ENO
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PROGRAM CY7HTX
C
C PROGRAM CY7HTX COMPUT.S LOCAL NUSLLT Nu. (NUX)
C ANO LOCAL G=o1SHOF NU. (-,;RX*) FOE. A CIRCULAR
C AtRAY OF SEVLN VLLIRTICAL, h.ATLJ CYLINDERS.
C BY C. DUTTON
C
C INITIALIZ1 VARIABLES
C A<L'A OF A SINGL1 HATING E:LiMENT (SO FT)
C RSHUNT .HUNT RSISTAACE (uHMS)

DIMENSION RSHUNT(7).VHUNT(7),CUR:LNT(7),FOWiR(7)
AEA=.113116
RHUNIY(1)=.9984
R:JHUNT(2)=.9942.
<:iHJAi(3)=.9950
KSHUNi(4)=.9929
RSHUAT(5)=1.0065
RSHUNT(6)=1.0055
RSHUA1(7)=1.0042

C IAPUT
C.... VSHUAT VOLTAGL ACROSS SHUNT RLSISAAAC (VOLTS)
C *40 WTOT - VuLTAG AC Rub FL,W R PPLV (VOLTS)
C TINF - iHtklOCOUFLL OLTPUI OF BATH (NV)

72:30(10.1) VSHUAi.VTOT,TINF
1 FORMAT(F15.6)

PIDT=0.0
03 10 I=1.7
CURAL:NT(I)=VSHUNT(I)/RSHUNT(I)
POWE(I)=(VIOT-VSHUW(1))*CU7,RLAT(I)
PT31=PTUf+POWI)

10 ONTIAUr:
PAVG=P1DT/7.

C CU1PLIT H_AT FLUX (BTU /HR -Si) FT)
LI=PAVG43.4129/AREA
HkIT::(61,2) (i.V3HONT(i).CURLNI(I),FOW:r.k(I),I=1.7)

2 F.HOAT(1Xpt CYL .40.t.12.; V= t.F7.51$ 1= $1F7.5.
$ P= $1F8.3)

o.ITI:(61,3) PAVG,C
3 FuRIAT(1h0lA AV-LAC PUWZi= $,F8.3/: 11:.:AI FLUX = $1F8.2//)

C CJAVE-J I.;:uN-CuASTAATAN THERMLCOUPL:. OUTPUT
C TJ F

TINF=32.853+34.5674TL.F
C INPUT
_C ... THETA - tiADIA. POSITION ABOUT CYLINO!:_k (DEG'ii:SS)
C X - V7.TICAL CiSTAAC:. FRCN L:_ADING :.DGE (IN)
C TWALL - 7Ht.RAuCJUTL:: JUirU-+ AT Tai WALL (MV)

11 R:.A)(10,6) TH:,TAlx,TWALL
6 FORIAT(F5.1.F10.51F15.6)

IF(E0F(10)) SiOr
C CJAVEkT ION-CuNSTANTAN ThF.RMLCoUPL.. OUIPUT

TWALL=32.883+34.567-*TWALL
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NIFF=TWALLTINF
C CJ4FUTE FILM FATURc

T=.5*TWALL+.54*TIIF.
C see FLUID POP':Ti:TIES

VISC=4.346220.-(1991162,:-02)*T+(.179060104)*T
"2(.127524:1*-07).T"3

DNS=851.514(.08E4880)'T+(0.986194::..05)41.4*2
(592566E08)4*T"3

8::TA=.000101

X=X/1.2.
C *se THEMAL CUNJUCTIVITY

C=4.47924+.00830958*1(.380163c05)4T442
CWALL=4.479244.00830958*THALL(.38016305)*TWALL**2
G70(=thJA*32.174*(3600."2)*(0L14:-."2)*(X**4)4Q/(C'VISC**2)
XAUX=Q*X/(CWALL*iJIFF)
w(XLG=ALOG10(U-00
XNUXL36=ALUG10(XNUX)
X=X12.0
WLITZ(11,7) THiJA,X,GmX,XNUX,GNXLIG,XNUXLOG

7 FJiMAT(1X9F6.2,1X9F5322.-12412F104)
GJ it) 11
443
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PtOGRAM CY7TPKO
C
C 12:0G2AM CY7TP;W COMPUT TislFi.RATURE PfkiiFILES
C FLM A CIRCULAit ARAY OF S4;..N VLRTICAL,
C 1-L-:ATED CYLINOLt6.
C OY C. DUTTON

C VAKIA3LES-
C AR.LA OF A SING:: HLATING ELEMENT (SO FT)
C RS-HUNT - SHUNT L.ISTANC.,.: (OHMS)
C CYLRAO CYLINDi:Ft c AOIUS (Ii4)

kSHUNT(7).VGHUNT(7),CUNT(7).FOWLR(7)
AiEA=.113116
CYLAAO=0.6825
R:iHUNI(1)=.9984
!i'MUN'(2)=.9942
RSAJNI(3)=.9950
RSHUAT(4)=.9929
2SHUNT(5)=1.0065
iSHU%(6)=1.0055
'tSHJ3f(7)=1.0042

C INPUT
C 4SHiN; VuLTAG: ACiOsS SHUHT kESIS-,ANCE (VOLTS)
C VT3f VOLTAGL Puw:Ji SUPPLY (VOLTS)
C TINF OUTPUT uF 3ATH (MV)
C NALL - THt:RmuCOU'L,:: QUIF-Li AT THL WALL (MV)
C X VERTICAL uISIAACL F',2CM THt LL.AUING LOGt (IN)

VGHUNT,VTOT,TIHF,TWALL,X
1 FaiMAT(F15.6)
PTOT=0.0
03 10.1=1.7
CUiLNI(I1=1:.)HUNT(I)/K-.:HUNT(I)
POWZ(I)=(Vf0TVSFUNT(i))4CUFT<LNT(1)
PT3T=PTOTDCWZii(I)

10 CJATINW:..
PAVG=PTOT/7.

C CJIPUiE MLA, FLUX (8TU/HRSO FT)
O=PAVG'3.4129/Ak:,A
W-<. t= (61,21 (1,VSHONT(1),CU.Ri_NT(1),POWIK(I)1I=1.7)

2 F.POAT(1X,t CYL AO.$,i2,: V= 4,F7.5,* I= t,F7.5,
P= $,F8.3)

ikIT-J:(61,3) PA4G,0
3 FJi4AT(1H3,* A4;_mAG POW,:k= tipF8.3/$ H_AT FLUX = t,F8.2 //)

C es. CJA.4T I.WA--COWSrANTAN iti:MCC(JUPL OUTPUT
C TO J EG F

TINF1=32.6834-34. 567*TINF
TWA,L1=32. 883+34.5E74'T WAL.I.

C COMPLI;L FILM T:::1P;.:nATUk.

T=.5*IWALL1+.5*TI.4F1
C FLUIJ

4iSC=4.346220(.991162z,-02)*T+(.179060L-04)*T
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**2(.12752141.-07)4T4*3
0:NS=851.514(.0364880)*T4.(0.986194C-05)*T**2

$ (.592566L-08)4T,43
8.:TA=.000101

X=X/12.
C THE-OAL C,,N3UCTIVITY

C=4.479244.00830958*T(.3811163L-05)4T4*2
GiX=3JA*32.174*(360 0.4"2)*(CLNS*-2)*(X**4)*()/(C*VISC"2)
X=X*12.0
WiITE(61.7) X1GRX

7 FJR4AT(/$ X = $.F5.3/: GRX. = t, 12.4/)
C INPUT
C THiTA RAJIAL PUSITION ABLUT CYLINJLR (DEGR,i-ES)
C Y HO-<IZONTAL CiSTANCI FROM CYLINOLR (IN)
C TC LOCAL TH,IFlOCJUPLL OUTPUT (14)

11 ,EAt)(11)16) TmLTA.Y.TC
6 FJKIAT(F5.1.F10.5.F15.6)

IF(t0F(1(1)) SlOP
TOIM=(TCT114F)/(TWALLTINF)
YOIM=Y/CYL,00
WtITc.:(11,15) THLTAIYOIM,IOIM

15 FJ,v.IAT(1X.1-5.2.1X.F8.511X.F8.5)
GJ TO 11
k40
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APPENDIX D

Heat Transfer Data
HEAT TRANSFER CAL!

VERTICAL SINGLE CYLIN0ER.

P/0 = INFINITE 0 = 1.365
0 = 2473

'it (IN)

IN
ETU/HR-S0 FT

T-BALL (F)

L = 3.825 IN

T-AMEIENT (F)

.200 84.934 80.727

.250 85.045 80.738

.300 85.318 80.734

.350 85.625 80.741

.400 85.91E 80.733

.500 86.237 80.741

.625 86.590 80.744

.750 86.897 80.748

.875 87.240 80.755
1.000 87.340 80,762
1.125 87.665 80.762
1.250 87.865 80.772
1.500 88.138 80.779
1.750 82.539 80.779
2.000 88.850 80.789
2.250 85.044 80.793
2.500 89.244 80.793
2.750 89.365 80.793
3.125 85.663 80.793
3.500 89.936 80.793

HEAT TRANSFER CATA
VERTICAL SINGLE CYLINDER

P/0 = INFINITE 0 = 1.365
G = 3656

X (IN)

IN
ETU /HR -S0 FT

T-WALL (F)

L = 3.825 IN

T-AMEIENT (F)

.200 86.621 80.883

.250 86.752 80.886

.300 87.174 80.897

.35t 87.562 80.893

.400 87.931 80.893

.500 88.443 80.931

.625 85.020 80.945

.750 85.504 80.945

.875 89.818 80.945
1.000 90.036 80.548
1.125 90.434 80.948
1.250 90.665 80.945
1.500 91.128 80.945
1.750 91.522 80.9,42
2.000 91.872 20.935
2.250 92.200 80.938
2.500 92.532 80.931
2.750 92.736 80.938
3.125 93.137 80.938
3.500 93.268 80.948
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HEAT TRANSFER CATA
VERTICAL SINGLE CYLINDER

P/0 = INFINITE 0 = 1.365 IN L = 3.825 IN
0 = 5474 BTL/HR..SC FT

X (IN) TWALL (F) T.AMEIENT (F)

.200 88.985 81-.000

.250 85.134 81.000

.300 89.784 80.997

.350 90.371 80.990

.400 90.797 86.990

.500 91.391 80.980

.625 92.131 80.966

.750 92.718 80.962

.875 93.282 80.952
1.000 93.510 80.948
1.125 94.018 80.931
1.250 94.302 80.528
1.500 94.965 80.914
1.750 95.494 80.900
2.000 96.002 80.897
2.250 96.448 80.893
2.500 96.832 80.886
2.750 97.143 80.890
3.125 97.710 80.890
3.500 98.055 80.897

HEAT TRANSFER CATA
VERTICAL SINGLE CYLINDER

P/0 = INFINITE 0 = 1.365 IN L = 3.825 IN
C = 2438 ETU /HR -SC FT

X (IN) TWALL (F) T.AMEIENT (F)

.200 85.079 80.796

.256 85.356 80.793

.300 85.577 80.793

.350 85.784 80.793

.400 85.961 80.789

.500 86.296 80.786

.625 86.604 80.779

.750 86.894 80.776

.875 87.153 80.776
1.0)0 87.343 80.772
1.125 87.540 80.772
1.250 87.748 80.772
1.500 88.121 80.776
1.750
2.600

88.387
88.505

80.776
80.779

2.250 88.678 80.789
2.500 88.982 80.786
2.750 85.092 80.789
3.125 85..431 8E.789
3.500 89.845 80.786



P/0

HEAT TRANSFER CATA
VERTICAL SINGLE CYLINDER

= INFINITE 0 = 1.365
0 = 5494

X (IN)

IN
STU/HR-S0 FT

TNALL (F)

L = 3.825 IN

T-AMEIENT (F)

.200 89.193 81.101

.250 89.780 81.101

.300 90.309 81.104

.350 90.717 81.104

.400 91.166 81.111

.500 91.830 81.118

.625 92.618 81.121

.750 93.240 81.128

.875 93.704 81.135
1.000 94.188 81.142
1.125 94.551 81.145
1.250 94.934 81.145
1.500 95.404 81.145
1.750 95.861 81.145
2.000 96.282 81.152
2.250 96.659 81.152
2.500 97.005 81.152
2.750 97.333 81.152
3.125 97.783 81.156
3.500 98.419 81.156
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P/0 =

HEAT TRANSFER CAT
VERTICAL SINGLE CYLINOLS

CIRCUMFERENTIAL VARIATION

INFINITE 0 = 1.365
= 5495

X (IN)

IN
ETU/HR-S0 FT

T-FALL (F)

L = 3.825

T-Am6IENT (F)

.200 85.355 81.114
-.200 89.300 81.107
.200 85.224 81.107
.200 89.314 81.107
.350 90.802 81.104
.250 90.762 81.104
.250 90.800 81.101
.350 90.662 81.101
.625 92.515 81.087
.625 92.504 81.080
.E25 92.594 81.080
.625 92.597 81.076

1.000 94.150 81.073
1.000 94.087 81.062
1.000 94.215 81.066

.1.000 94.046 81.062
1.750 95.643 81.056
1.750 95.950 81.045
1.750 96.154 81.042
1.750 95.895 81.031
3.125 95.726 81.000
3.125 97.827 80.986
3.125 98.118 80.593
3.1-25 97.769 80.986
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P/0 = 1.5

THETA (C

HEAT TRANSFER CATA
VERTICAL SEVEN CYLINCER ARRAY

0 = 1.365 IN L = 3.825
0 = 1501 ETU/HR-SC FT TAI3IENT

GREES) X (IN) .1-NAIL (F)

IN
= 82.57? F

.200 85.055

.233 85.245

.270 85.449

.314 85.570

.365 85.70s

.425 85.888

.494 85.985

.574 86.161

.667 86.500

.776 86.528

.902 86.752
1.049 86.994
1.219 87.281
1.418 874713
1.648 87.782
1.916 88.031
2.227 88.322
2.590 88.726
3.011 89,265
3.500 89.656

HEAT TRANSFER DATA
t. VERTICAL SEVEN CYLINCER ARRAY

12/0 = 1.5 0 = 1.365 IN L = 3.825 IN
0 = 2252 ETU /HR -S0 FT T..AYBIENT = 83.145 F

THETA (C GREES) X (IN) TNALL (F)

.190 86.783

.221 87.112

.257 87.202

.299 87.558

.347 87.748

.404 87.876

.469 88.048

.545 88.356

.634 88.709

.737 88.954

.857 89.130

.996 89.514
1.158 89.773
1.347 89.984
1.566 90.485
1.820 90.931
2.116 41.153
2.460 91.585
2.860 42.183
3.325 92.797
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HEAT TRANSFER CATA
VERTICAL SEVEN CYLINCER ARRA1

P/D = 1.5 = 1.365 IN L = 3,825 IN
= 2996 ETU /HR -SO FT TAMBIENT = 83.e5 F

THETA (CEGREES) X (IN) T.4ALL (F)

.216 88.854

.251 69.279

.292 69.504

.340 69.618

.395 50.040

.459 50.254

.534 90.783

.621 90.907

.721 91.294

.839 91.564

.975 91.799
1.134 92.252
1.318 92.801
1.532 93.427
1.781 93.638
2.071 54.253
2.408 54.903
2.799 95.394
3.254 96.186
3.534 56.756

HEAT TRANSFER CATA
VERTICAL SEVEN CYLINCER ARRAY

P/D = 1.5 = 1.365 IN L = 3.825 IN
= 1500 ETU /HR -SO FT TAFBIENT = 82.722 F

THETA (CEGREES) X (IN) T...FALL (F)

0 .200 65.207
o .233 65.345
o .270 65.532
0 .314 65.677
0 .365 65.450
0 .425 86.037
0 .494 86.154
0 .574 66.282
0 .667 66.583
0 .776 66.697
0 .902 66.970
0 1.049 67.188
0 1.219 67.444
0 1.418 67.800
0 1.648 68.028
0 1.916 68.211
0 2.227 68.5E4
0 2.590 68.930
C 3.011 69.321
0 3.500 69.339
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HEAT TRANSFER DATA
VERTICAL SEvEN CYLINCER ARRAY

P/0 = 1.5 0 = 1.365 IN L = 3.825 IN
C =1 2249 ETU/HR-S0 FT 1-AMBIENT = 83.458 F .

THETA (C GREES) X (IN) T-MALL (F)

.190 87.091

.221 87.312

.257 67.475

.299 87.807

.347 88.028

.404 68.135

.469 88.481

.545 88.785

.634 68.892

.737 89.348

.857 89.518

.996 89.843
1.158 90.157
1.347 50.364
1.566 90.855
1.820 51.066
2.116 91.460
2.460 51.948
2.860 92.501
3.325 93.206

HEAT TRANSFER DATA
VERTICAL SEVEN CYLINDER ARRAY

P/O = 1.5 0 = 1.365 IN L = 3.825 IN
0 = 3001 6TU/HR-SO FT 1-AMBIENT = 83.538 F

THETA (C GREES) X (IN) T-MALL (F)

.216 69.103

.251 89.545

.292 89.677

.340 89.970

.395 90.261

.459 50.354

.534 50.810

.621 91.021

.721 51.204

.839 91.758

.975 42.200
1.134 52.300
1.318 52.833
1.532 53.178
1.781 43.693
2.071 54.174
2.408 94.647
2.799 55.318
3.254 55.878
3.534 46.683



P/0 = 1.5

THETA (I

30.
30.
30.

30.
30.
30.

30.
30.
30.
30.
20.
20.
20.
20.
20.
20.
20.
20.
20.
20.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.

HEAT TRANSFER DATA
VERTICAL SEVEN CYLINDER ARRAY
CIRCUMFERENTIAL VARIATION

0 = 1.365 IN L = 3.825 IN
0 = 1495 ETU /HR -SC FT T..AMBIENT = 81.SSS F

GREES) X (IN) T-WALL (F)

.200 84.552

.275 85.005

.378 85.413

.519 85.769

.714 86.215

.981 86.552
1.349 87.094
1.853 87.730
2.547 28.451
3.500 89.371
.200 84.473
.275 84.912
.378 85.387
.519 85.703
.714 86.078
.981 86.598

1.349 86.986
1.853 87.765
2.547 88.366
3.500 89.296
.200 84.486
.275 84.913
.378 85.295
.519 85.655
.714 85.976
.981 86.526

1.349 87.081
1.853 87.703
2.547 88.396
3.500 89.222
.200 84.512
.275 84.889
.378 25.283
.519 85.625
.714 85.905
.981 86.472

1.349 86.987
1.853 87.682
2.547 88.418
3.500 89.110
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HEAT TRANSFER DATA
VERTICAL SEVEN CYLINCER.ARRAV

P/D = 1.3 0 = 1.365 IN L = 3.825 IN
0 = 1501 ETU /HR -SC FT T-AMBIENT = 82.525 F

THETA (EEGREES) x (IN) T-NALL (F)

0 .200 84.654
0 .233 84.778
0 .270 84.920
0 .314 85.176
0 .365 85.342
0 .425 85.397
0 .494 85.639
0 .574 85.802
0 .667 85.985
0 .776 86.154
0 .902 86.431
0 1.049 86.614
0 1.219 86.963
0 1.418 87.181
0 1.648 87.630
0 1.916 87.969
0 2.227 88.411
0 2.590 88.885
0 3.011 89.317
0 3.500 89.868

HEAT TRANSFER CATA
VERTICAL SEvEN CYLINCER ARRAY

P/0 = 1.3 0 = 1.365 IN L = 3.825 IN
0 = 2251 ETU /HR -SO FT 7-AMBIENT = 83.120 F

THETA (0 &REES) X (IN) T-HALL (F)

.190 86.230

.221 86.448

.257 86.725

.299 86.808

.347 87.208

.404 87.215

.469 87.523

.545 87.796

.634 -88.304

.737 88.508

.857 88.723

.996 88.985
1.158 89.552
1.347 40.112
1.566 40.472
1.820 41.032
2.116 41.491
2.460 41.885
2.860 42.442
3.325 5.3.285
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HEAT TRANSFER CAIA
VERTICAL SEVEN CYLINCER ARRAY

P/D = 1.3 C = 1.365 IN L = 3.225 IN
C = 3001 OTL/HR-SO FT T- AHOIENT = 83.524 F

THETA CCEGREES1 X (IN) 7-hALL (F)

.216 85.066

.251 88.405

.292 28.411

.340 88.871

.395 88.996

.459 89.227

.534 89.352

.621 90.102

.721 90.375

.839 90.893

.975 91.377
1.134 91.858
1.318 92.241
1.532 92.871
1.781 93.641
2.071 94.039
2.408 94.654
2.799 S5.560
3.254 9.6.255
3.534 96.749

HEAT TRANSFER CATA
VERTICAL SEVEN CYLINCER ARRAY

P/0 = 1.3 0'= 1.365 IN L = 3.825 IN
0 =, 1501 ETU /HR -50 FT 7-AMBIENT = 82.514 F

THETA (CEGREES) X (IN) 7-V,ALL (F)

0 .200 84.657
0 .233 84.827
0 .270 84.941
0 .314 85.207
0 .365 85.255
0 .425 65.487
0 .494 85.618
0 .574 85.771
0 .667 P6.016
0 .776 86.234
0 .902 26.455
o 1.049 26.645
0 1.219 26.946
0 1.418 87.350
o 1.648 87.724
0 1.916 27.962
o 2.227 88.363
o 2.590 22.621
0 3.011 29.352
0 3.500 89.794
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P/0 = 1.3

THETA (C

MEAT TRANSFER CATA
VERTICAL SEVEN CYLINCER ARRAY

0 = 1.365 IN L = 3.825 IN
= 2251 ETU /HR -SO FT T-AMBIENT r 83.116 F

GREES) X (IN) T-FALL (F)

.190

.221

.257

.299

.347

.404

.469

.545

.634

.737

.857

.996
1.158
1.347
1.566
1.820
2.116
2.460
2.860
3.325

86.348
86.597
86.870
86.890
87.139
87.388
87.440
87.789
87.976
88.266
88.871
89.224
89.383
50.008
40.496
90.983
51.360
91.913
42.729
93.161

HEAT TRANSFER CATA
VERTICAL SEVEN CYLINCER ARRAY

P/0 = 1.3 0 = 1.365
C = 3002

THETA (CEGREES)

IN
ETL/HR-SO FT

X (IN)

L = 3.825 IN
T-AMBIENT = 03.643 F

T-FALL (F)

0 .216 88.211
0 .251 18.463
0 .292 86.723
0 .340 88.982
0 .395 89.151
0 .459 89.687
0 .534 89.728
0 .621 50.185
0 .721 90.465
0 .839 50.303
0 .975 51.305
0 1.134 91.917
0 1.318 92.397
0 1.532 43.116
0 1.781 93.459
0 2.071 44.264
0 2.408 95.045
0 2.799 95.491
0 3.254 46.317
0 3.534 97.057



P/D

HEAT TRANSFER CATA
VERTICAL SE'i,iEN CYLINLER ARRAY
CIRCUMFERENTIAL VARIATION

= 1.3 D = 1,365
C = 1499

THETA (CEGREES)

IN
ETC/HR-SC FT

X (IN)

L = 3.825 IN
T.APBIEhl. = 82.528 F

T -)ALL (F)

30.0 .200 84.905
30.0 .275 85.133
30.0 .378 85.380
30.0 .519 85.648
30.0 .714 86.301
30.0 .981 86.973
30.0 1.349 87.457
30.0 1,853 88.220
30.0 2.547 89.194
30.0 3.500 50.223
20.0 .200 84.810
20.0 .275 85.084
20.0 .378 85.366
20.0 .519 85.637
20.0 .714 86.265
20.0 .981 86.825
20.0 1.349 87.269
20.0 1.853 87.971
20.0 2.547 89.032
20.0 3.500 50.238
10.0 .200 84.711
10.0 .275 84.977
10.0 .378 85.264
10.0 .519 85.598
10.0 .714 86.182
10.0 .981 86.676
10.0 1.349 87.221
10.0 1.853 87.981
10.0 2.547 89.011
10.0 3.500 50.081

0 .200 84.775
0 .275 85.069
0 .378 85.228
0 .519 85.667
0 .714 86.223
0 .981 86.704
0 1.349 87.219
0 1.853 88.048
0 2.547 88.854
0 3.500 50.064
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HEAT TRANSFER CATA
VERTICAL SEVEN MINCER ARRAY

P/0 = 1.1 0 = 1.365 IN l = 3.825 IN
0 = 1498 ETU /HR -SC FT T-AMBIENT = 82.248 F

TPETA (DEGREES) X (IN) T-MALL (F)

0 .200 84.180
0 .233 84.291
0 .270 84.398
0 .314 84.633
0 .365 84.782
0 .425 84.903
0 .494 85.162
0 .574 85.325
0 .667 85.618
0 .776 86.061
0 .902 86.344
0 1.049 86.884
0 1.219 87.305
0 1.418 87.820
0 1.648 88.384
0 1.916 89.006
o 2.227 90.008
0 2.590 90.876
0 3.011 91.875
0 3.500 52.916

HEAT TRANSFER CATA
VERTICAL SEVEN CYLINCER ARRAY

P/0 = 1.1 0 = 1.365 IN l = 3.825 IN
C = 2253 ETU/HR-SC FT T-AH9IERT = 82.853 F

THETA (0 GREES) X (IN) T-BALI (F)

.190 85.580

.221 85.719

.257 85.930

.299 86.127

.347 86.382

.404 86.659

.469 86.870

.545 87.260

.634 87.547

.737 88.055

.857 88.519

.996 89.027
1.158 89.518
1.347 40.192
1.566 51.052
1.820. 91.944
2.116 52.947
2.460 94.108
2.86C 55.394
3.325 56.725
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HEAT TRANSFER CATA
VERTICAL SEVEN CYLINCER ARRAY

P/0 = 1.1 0 = 1.365 IN L = 3.825 IDC = 3001 ETU /HR -SC FT T-AM3IENT = 83.219 F

THETA (C GREES) X (IN) T-hALL (F)

.216 87.053

.251 87.437

.292 87.637

.340 87.841

.395 88.218

.459 88.474

.534 88.848

.621 89.317

.721 89.846

.839 90.271

.975 i0.914
1.134 91.688
1.318 92.470
1.532 93.479
1.781 94.509
2.071 95.753
2.408 57.171
2.799 98.584
3.254 100.119
3.534 101.243

HEAT TRANSFER CATA
`:VERTICAL SEVEN CYLINCER ARRAY

P/0 = 1.1 0 = 1.365 IN L = 3.825 I)C = 1501 ETL/HR-SC FT T-AM3IENT = 82.295 F

THETA (C GREES) X (IN) T-FALL (F)

.200 84.156

.233 84.205

.270 84.415

.314 84.547

.365 84.730

.425 84.906

.494 85.065

.574 85.273

.667 85.594

.776 86.019

.902 86.375
1.049 86.763
1.219 87.253
1.418 87.779
1.648 88.436
1.916 88.975
2.227 89.925
2.590 50.87E
3.011 91.858
3.500 92.902



P/0 = 1.1

P/0 = 1.1

HEAT TRANSFER ZATA
VERTICAL SEVEN CYLINCER ARRAY

0 = 1.365 IN l = 3.325 Ih
0 = 2250 BTU /HR -SC FT 7-AMBIENT = 82.863 F

THETA (DEGREES) X (IN)

. 190

. 221

. 257

. 299

. 347

. 404

. 469

. 545

. 634

. 737

. 857

.996
1.158
1.347
1.566
1.820
2.116
2.460
2.860
3.325

T-TALL (F)

85.584
85.670
85.916
86.109
86.248
86.438
86.725
87.101
87.371
87.824
88.418
88.729
89.227
89.946
50.938
91.751
52.770
53.997
55.290
96.552

HEAT TRANSFER DATA
VERTICAL SiVEN CYLINCER ARRAY

0 = 1.365 IN
C = 3001 BTU /HP -SG FT

THETA (DEGREES) X (IN)

. 216

. 251

. 292

. 340

.395

. 459

.534

. 621

. 721

. 839

. 975

1.134
1.318
1.532
1.781
2.071
2.408
2.799
3.254
3.534

= 3.825 IN
T-AMBIENT = 83.817 F

T- ALL (F)

87.527
87.762
87.955
88.349
88.660
89.009
89.390
29.763
90.302
50.803
51.322
52.114
52.974
54.039
54.896
56.217
57.413
59.058
160.697
101.778
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PIO = 1.1

HEAT TRANSFER BATA
VERTICAL SEVEN MINCER ARRAY
CIFCUHFEFENTIAL vAqIATICN

0 = 1.365 IN L = 3.825 IN
0 = 1500 ETU/HR-SC FT 7-AMBIENT = 82.82E F

THETA (DEGREES)

30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20+ 0

20.0
10.0
10.0
10.0
1(40
10.0
10.0
10.
10.
10.

10.

x (IN) T-MALL (F)

.200 85.131

.275 85.535

.378 86.095

.519 86.783

.714 87.670

.981 88.667
1.349 89.839
1.853 51.208
2.547 53.109
3.500 55.105
.200 84.903
.275 85.262
.378 85.757
.519 86.453
.714 87.272
.981 88.119

1.349 89.379
1.853 50.670
2.547 52.551
3.500 54.794
.200 84.810
.275 85.105
.378 85.577
.519 86.047
.714 86.645
.981 87.449

1.349 88.512
1.853 89.785
2.547 51.785
3.500 53.906
.200 84.692
.275 85.027
.378 85.366
.519 85.809
.714 86.417
.981 87.191

1.349 88.163
1.853 89.393
2.547 91.215
3.500 93.285
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