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ABSTRACT

The design of gas-cooled reactors with solid-rod fuel elements is
prédicated oﬁ knowledge of the pressure-drop and heat-transfer character-
istics within the reactor core, There have been very few experimental
investigations of systems in which the gas flows parallel to closely spaced
rods., Therefore, heat-transfer and fluid-dynamic studies were made with
air flowing parallel to the rods of a seven-rod cluster, The parallel rods
were equally spaéed in a triangular array with a.1,/015 ratio of center-to-~
center disténce to rod diameter, the rod surfaces forming flow passages
of tricuspid-shaped cross section, Average and local heat-transfer film
coefficients, pressure drops, and velocity profiles were measured under
established hydrodynamic conditions,

The measured average heat-transfer film coefficients were approxi-
mately equal to those for smooth round ducts; however, the peripheral
variation of the local coefficients at a Reynolds number of 20, 000 was
0.5 to 1.3 of the- average values, The data were obtained under the follow-

ing forced-convection conditions:

Reynolds number .. ......... 10,000 to 60, 000

: ‘ 2
Rodheat fluX . . . v v v v o 0 v o v o » 400 to 1,000 Btu/(hr)(ft)
Rod surface temperature ., .. ... 100° to 160°F

" Fanning friction factors calculated from static-pressure-drop meass: -
urements made along the length of a flow passage were approximately 5%
higher than those for smooth round ducts over a Reynolds number range
of 3,000 to 30, 000.

The velocity strﬁcture in the flowing gas was determined at a Reynolds
number of 20,000, The peripheral variation of the ratio of local to bulk
-mean velocity was found to be very nearly equal to the ratio of the local
to average heat-transfer coefficient. This agreement of the local and

average heat-transfer data isto be expected from the analogy between fluid

friction and heat transfer.
ii



MEASUREMENTS OF HEAT-TRANSFER COEFFICIENTS, FRICTION
FACTORS, AND VELOCITY PROFILES FOR AIR FLOWING
PARALLEL TO CLOSELY SPACED RODS

by

and Leon_ard L, Swanson

t t

Luther D. Palmer

INTRODUCTION

Recent designs of h_igh—t_empera.ture heat exchangers and nuclear
reactors incorporate coolant-flow lengthwise passages formed by the
spaces between parallel rods or tubes in closely spaced equilateral arrays,
- The resulting ‘coolant shear stress distribution is quite different from that
found in ordinary ducts and may cause unusual heat-transfer rates within
the flow passages, as well as pressure drops.through the passages, Pre-

(1)(2) %%

vious mathematical analyses predict large circumferential variations

of the friction and average heat-transfer film coefficients from the accepted
e‘mpirical correlations, Howevér,‘ certain expe’rifnental studies, (3-7) in

' which the rods are widely spaced, indicate thatA the circumferential variation
in the local h_ea.t-transfer film coefficients is much'less than predicted.
These experimental studies indicate, also, that conve_ntional correlations
may be used to calculate the friction and average heat-transfer film coef-
ficients, A question then arises as to the heat-transfer rates within and
pressure drops through the flow passages under conditions of closely spaced
rods, that is, when the gaps between the rods are of the order of 0,01 of

the rod diameter, Because of the difficulty of representing forced convection

and hydrodynamic phenomena for turbulent flow in mathematical form,

experimental measurements must be made, Twoair-flow:systems:see Fig.1)

*These studies were sponsored by the U, S, Atomic Energy Commission,
under Contract No, AT(04-3)-314,
tiohn Jay Hopkins Laboratory for Pure and Applied Science, General
Atomic Division of General Dynamics Corporation, P.O., Bux (608, San
Diego 12, California, : '
References are listed at the conclusion of this paper,
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were used to make these measurements, the pressure drops and velocities -
being measured under isothermal conditions in a dual tricuspid flow channel
and the constant-wall-temperature heat-transfer coefficients being measured

in a seven-rod cluster,

) *
DESCRIPTION OF SYSTEMS

Velocity and Pressure-drop Test System

For this system, air was delivered by a centrifugal blower through a
rotameter and a plenum chamber to a dual-channel test passage from which
the air was vented to the atmosphere., This test ‘passage'(s'ee Insert A in

Fig. 1) was formed by joining two 120° and two 60° circumferential segments

.of aluminum tubing. The leading edges of the tubing were rounded and were

positioned within the plenum chamber so as to reduce entrance disturbances,
The inside surfaces of thé flow passage wefé machined and hand-finished to
correspond to the surfaces of the rodé in the heat-transfer lattice,

Static pressure taps\we}e located at points 110 and 134 equivalent
diameters downstream from the channel entrance, The sté.gnation prébe
penetrated the channel wall upstream from the static pressure taps., A
thermometer in the plenum chamber was used to measure the temperafure

of the flowing air,"

Heat-transfer Test System

The heat-transfer system utilized the same blower as the velocity and
pressure-drop system, being connected to the inlet side of the blower., Air
from the room (which served as an. iﬁfinitely large plenum) was drawn -
through the hea_ted test lattice,. wa.é passed throuéh a calibrated orifice,
and was then vented to the vatmosphere by means of valve ar'ra.nge'ri'xénts.

The test lattice consisted of seven rods épaced in an équilateral

cluster within a hexagonal chamber, with circumferential segments of

T, &
Further descriptive details of the experimental systemsare presented

* in an' Addendum to this paper,



tubing attached to the chamber walls to simulate the adjacent rods of a
large arfay‘(see Insert B of Fig. 1). A thermometer for measuring the
inlet-air mean temperature was located at the entrance of the chamber
below a fiberglass filter, which served to remove particles from the air’
and to suppress flow disturbances caused by air currents within the room,

Each rod of the test lattice was composed of three contiguous hollow
aluminum cylinders: (1) a thin-walled, upstream flow develoapment
bortion; (2) a thick-walled, heated portion; and (3) a thin-walléd., down-
stream exit portion, The heated portion of each rod contained a helical
electrical resistance heater tightly ‘wound on a stainless lsteel pipel which
passed through this thick-walled aluminum cylinder, The asbestos-insulated,
stainless-steel-sheathed heater Qire was in firm contact with the inner
surface of the cylinder; and calibrated copper-constantan thermocouples
were embedded in the rod sur‘face along this heater portion,

The central rod of the seven-rod cluster contained additional calibrated
surface thermocouples, as well as a small tempe-rature-controlled surface
heater installed within the rod wall in such a h&an’ner that its surface v;/as
continuous with that of the rod itself, " The ele'c':tr‘ical leads were exited

"through a hole located'betwleen the resistance heater and the surface of the
rod in order to avoid subjecting the wire to a tempéfature gradient which

would result in heat transfer along the wires,

*
EXPERIMENTAL TECHNIQUE

Velocity and Pressure Drop

The static pressure losses in the dual-channel flow passage were
measured at entrance lengths of 110 and 134 equivalent diameters over a
Reynolds number range of from 3, 000 to 30, 000 for air at ~90°F. The

stagnation pressures were measured at an entrance length of 105 equivalent

diameters for a Reynolds number of 20, 000 as functions of the perpendicular

®
Definitions of notation used are listed at the end of this paper.



distances from the channel wall at peripheral positions of Oo, 100, 150,

o .
20, and 300° The Reynolds numbers for both the static-pressure and the
stagnation-pressure measurements were based on the total flow and the

equivalent diameter of the dual-channel passage.

Heat Transfer

The constant wall-temperé.ture heat-transfer film coefficients, both

local, as a function of peripheral position, and average, were measured

and correlated as a function of a Reynolds number based on the total flow

and equivalent diameter of the test lattice,
The average heat-transfer film coefficients were calculated by using

the equation

h = -~ q . . , )

| The rod surface temperatures, ts,x’ were'measu-red a.t, three hydro-
dynamic entrance lengths of 38,4, 57,3, and 74. 0 equivalent diameters;
the upstream heated length of each was 22, 2 equivalent diamefers. The
total flow rate through the lattice, m, which necessitated the use of the
total heating rate, was used because of the difficulty involved in ﬁeasuring
the individual flow rate through each passage. Veiocity measurements
with pitot—sta.tic probes located at the center of each of the tricuspid
passages indicated less than 2% difference in flow rate, Comparison of
these velocity measurements with the velocity profiles measured in the
velocity and pressure-drop test passage, showed thatthe indicated flow rates
were within 4% of those calculated lising the total flow and cross-sectional
area of the lattice,

The local circumferential variations of the heat flux were determined

from measurements of the electrical power necessary for equalizing the

- temperature of the small heater surface to that of the adjacent tube wall

while'the central rod was rotated aboutits longitudinal axis, the smallheater
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passing from the smallest to the largest interstice between the rods, This )
tegihnique is valid if (1) the rod containing the small heater has a circumfer-
entialiy constant wall temperature and (2) the smallhea‘t>er is either thermally
insulated or guard-heated and calibrated. The first condition was satisfied:
An electrical analog plot indicated that in the worse case measured (where
the 51mulated C1rcumferent1a.1 variation of the heat flux was 0.5 to 1. 3 and

the small hea.ter was positioned at the largest gradient of the surface heat -

" flux) the max1mum circumferential temperature difference was 1, 8 F and

the temperature drop across the surface heater was 0. 7° F., The second
requ1rement was fulfilled by havmg a guard heater below the surface heater
to prevent heat losses through the lead wires' and by cahbratmg the central
rod containing the small surface heater in an annulus system under proper
temperature and heating conditions. * Integration of the local heat flux at
entrance lengths of 38.4, 57.3, and 74, 0 equivalent diameters yielded '
average values which were within +10% of those determined from the over-
all lattice measurements, Errors in measurement which could be:attributed.
to the technique were minimized, in dimensionless comparisons, by using
the average heat flux obtained by integrating the peripheral values. Con-
sequently, the ratio of local to avérage heat flux canbe.considered equivalent

to the local-to-average film coefficients,

RESULTS OF MEASUREMENT

Velocity and Pressure Drop

The static pressures were correlated in dimensionless form (Fanning '
fri(ﬁ_tion coefficient) as a function of_c_:ha.nhel Reynolds number (see Fig. 2).
The values, which have a maximum possible range of error of 6%, are
between those for smooth ducts and those for commercial pipe, (8) Published.
(9) are

correlations of pressure losses with air flowing through smooth tubes

also shown in Fig. 2 for comparison, It appears that the pressure losses

¥
See Addendum.
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reported here are consistent with. other air-fiow measurements,

The stagnation pressures for air flowing at a Reynolds number of |
20,000 were converted to velocities, which are showninFig. 3,as-.'a- function
of dimensionless distance from the duct wall with peripheral position as a
- parameter, An error analysis of these measurements indicatesamaicimum
possible error of 3% in the pressure measurements and a possible S% in

the distance measurements,

Heat Transfer

. The ‘average heat-transfer data in d1mens1on1ess form are shown in
F1g 4 as a function of Reynolds number, The values tend to be below the
Dittus-Boelter relation which applies to fluid for'ced convection in smooth
pipes; however, upon comparison with other.S,(g’ 10) the date', a.pf:oear to be
consistent with previous measurements. '

The measured peripheral variations of the local' heet-transfer film
coefficients are shown in Fig. 5 as a function of peripheral pos1t10n with .
the Reynolds number as a parameter, The values obtained by graphu_:ally '
integrating these curves were within +10% of the averages calculated from
the over-all measurements, | _

It is interesting to' note the insensitivity of the ‘data to guard heating,
which indicates that the conductlon heat losses from the surface heater, in
the abbem.e of guard heating, are nearly un1form with respect to per1phera1
position, -

An important requirement of this study was that the measurements
be rnade under stabilized hydrodynamic conditions; therefore, three sets
of upstream flow development sections of different lengths were used to
create varying entrance lengths, The three lengths of the flow develop-
"ment sections resulted in the small surface heater being located at 38, 4,

- 57.3, and 74,0 equivalent diameters from the entzance. The measuréed heat- .
transfer rates shown _in Fig. 4 demonstrate that at Reynolds.mimbers

greater than 20, 000 there is no appreciable difference in the values for
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the three entrance lengths, It appears that the correlation presented here
can be used in heat-transfer calculations for cases far downstream where

fully developed flow is known to exist,

DISCUSSION OF RESULTS

The results of this investigation lend credence to the practice of
using the equivalent-diameter concept in corilvenf'ional heat-transfer and
fluid-friction correlations for the purpose of deterrhining the over-all
characteristics of flow along tube bundles with a ratio of pitch to rod-
diameter of 1,015, However, no such empirical relations exist which
describe the peripheral variation of the local heat-transfer coefficient under
these conditions, This nonuniformity of heat conductance is, therefdre,
experimentally indicated as a serious problem in the use of this type of
solid-to-gas heat-transfer process.

A comparison of the average heat-transfer and friction film coefficients

can be made by utilizing the Colburn function, which is usuallyk given as

/3

£/2 = St Pr’ (2)

However, previous experiments with gases have yielded values of £/2 which

are ~10% higher than the St Prz/3

term. This difference is also found in
the measurements presented here, as shown in Fig. 6,' and is in agreement
with an analysis published in Ref, 11,

A comparison of the ratio of the local mean velocity to the duct:mean
- velocity and the ratio of the local to mean heat-transfer coefficients is
shown in Fig., 7 as a function of peripheral position. The local meanveloc-
ities (Er, e) were obtained by integrating the velocity profiles normal to the
rod surface with respect to the distance from the wall to the line of symmetry
‘'within the duct, The dependence of the local heat-transfer rates on thelocal

mean velocities is quite evident,

The data presented here for air flowing under the described conditions

can be summarized as follows:
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Conventional correlations may be used to predict the average

1,
heat-transfer coefficients and pressure losses,

2, The local heat-transfer coefficient varies by a factor ofapproxi-
Vma‘tely three for a Reynolds nufn‘ber 0f20, 000, the factor becoming -
progressively less as the air flow rate is increased,
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NOTATION
Letters
A = Heat-transfer area, ft
c,, = Specific heat, Btu/(lb)(oF)
D = Rod diameter, ft
DeA.zl Equivaient diameter (4 A/wetted perimeter)
‘D g
f = Fanning friction factor, defined by { = —'—é-P—E —'Eei—
plug)
g = Gravitational couﬂa.yt, fL/hr '
h = Mean heat-transfer film coefficient, Btu/(hr)(ftz)(oF)
k = Thermal conductivity, Btu/(.hr).(ftz)(oF)/ft
L = Length, ft
m = Mass {low rate, 1b/hr
n = Dimensionless distance from rod surface (perpendicular distance
from rod < perpendicular distance from rod to line of symmetry
between rods)
Ap = Differential pressure, 1b/ft2

Local rate of heat transfer, Btu/hr



q = Mean heaf-transfer rate, Btu/hr
S = Rod pitch spacing, ft
t - . = Mixed mean inlet fluid temperature, _F
t. = Rod local surface temperature, OF.
u = Local velocity, ft/sec
vy | = Local mean v"elocity, ft/sec

= Bulk or average velocity, ft/sec

x = Distance from beginning of héated'-seétion, ft
X = Total length of heated section, ft
. 8 = Angular position, degrees
p = Fluid dynamic viscosity, 1b /(hr)(ft) '
. v = Fluid kinematic v1scos1ty, ftz/hr
p =-Fluid density, 1b /ft

Dimensionless Numbers

~Nu = Nusselt number, HDe/k

'U_.
H
1}

Prandtl number, ycp/k
'Re = Reynolds number, D u/v, D u_/v
. e e B
St = Stanton number, Nu/Re Pr = h/c_u

p BP
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ADDENDUM

DESCRIPTION OF TYPICAL HEAT-TRANSFER ROD AND SURFACE

HEATER ‘

Drawings of a typical heat-transfer rod and a surface heater are

shown in Figs. 1 and 2, A photograph of the test lattice during assembly

. is shown in Fig.v 3. Engineering drawings of the heat transfer and hydro-

dynamic systems may be obtained by contacting the authors,

'METHOD OF CALIBRATION OF THE SMALL SURFACE HEATER

Measurements of the rate of heat transfer fro_rn the inner wall of an

- annulus to air were made in order to determine the validity and resolution

of the technique used in measuring the local and average heat-transfer rates
within the rod—bundle' test lattice., The central rod of the tube buidle was ‘
centered within a tuberf 7-‘5/8-in, inside diémeter, The annulus formed,
thus, replaced the tube bundle, There were no other changes in the flow

system, The heat transfer measurements were made under the'following

conditions:
| Reynolds number., ... ..... 12,000 to 60, 000
Inner-wall heat flux . . .. ... 370 to 1,150 Btu/(hr)(it")
Rod surface temperature, ., . , 93o to 13OUF

The data for heat transfer in annuli can be correlated if the usual

- variables plus the ratios of the inner to outer wall diameters are included,

e .
Davis has used.a dimensionless grouping to relate several different sizes

of annuli and types of fluids; the data obtained in the annulus of this experi-

ment were compared with the Davis correlation (see Fig.' 4),
It was found necessary to guard-heat the small surface heater inorder

to equalize the heat flux from the heater surfaceto thatfrom thé adjacent rod
E3

'""Heat Transfer and Pressure Drop in Annuli, ' E, S. Davis, Trans-

" actions of the A.S.M.E., Vol. 65, No. 7, 1943, pp. 755-759.

1
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surface, This gua.rd-heating'prevented an apparent heat loss of about 10%,.
The amount of guard-heating necessary for flow conditions of interest was
determined, and this information was used in the heat-transfer measure-

ments within the tricuspid channels of the test lattice,.
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Fig. 3--Heat transfer test lattice
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Fig. 4--Comparison of annular heat-transfer data to Davis correlation for
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MODIFIED REYNOLDS NUMBER, (D|'u'/u) X 10™°
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Specific heat, Btu/(lb) (°F)

Inner diameter of annulus, ft

QOuter diameter of annulus, ft

Mean heat transfer film coefficient,

Average velocity, ft/sec

Air dynamic viscosity, 1b/(hr) (ft)

Dynamic viscosity of air at wall, 1b/(hr) (£t)

Air kinematic v1scos1ty, ft /hr

turbulent flow
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Thermal conductivity, Btu/(hr) (£t) (°F)/ft





