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ABSTRACT

Woven-screen or crossed-rod types of matrices
may be of interest as fuel-element geometries for
certain types of nuclear reactors as well as in many
other heat-transfer and mass~transfer systems. Basio
heat-transfer and flow-friction design data for these
geometries are presented graphically, in nondimensional
form, for a range of Reynolds numbers from 5 to 100,000
and matrix porosities from 0.60 to 0.83. Algebraioc
equations which adequately represent these data are
also given and these may be used for interpolation and,
at least tentatively, for a limited extrapolation be-
yond the range of porosities covered in this program,
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HEAT-TRANSFER AND FLOW-FRICTION CHARACTERISTICS
OF WOVEN--SCREEN AND CROSSED--ROD MATRICES

By 1,8,Tong and A.L.Londox
NOMENCLATURE,

The following nomenciature is used in the paper

heat-transfer area, sq f$

matrix average flow area, Aflo' - p‘frontsl” sq ¢

= matrix frontal ares, gq f£%

specific heat at corstant pressure, Btu/(1b deg F)
thermal ocapacity of copper cylinder, Btu/deg F
diameter of rod and wire, in., ft

base of natural iogarithms, 2,718...

factor defined in Bquatiom (14)

(10/#) (£t/s002) ]

reo/yrooal of proportionality faotor in Newton's second law, 32,2

average mass velooity in matrix, btased on A, ., 1b/(nr sq £%)

- maximum mass velocity in matrix, based on minimum free-flow area,

Ay ntal? 1b/(br sq £%)

- unit conductance for thermal convection heat transfer, Btu/(hr sq

£ deg F)

unit thermal oonductivity, Btu/(hr sq £t deg F)
length of matrix in the flow direction; f3%
porosity of matrix, (vol of voids)/(vol of matrix)
pressure, psf, or inches of HZO

pressure differentinl, psf, or inches of H20
hydraulic radius, Equations (1) and (4) £%

mass-flow rate, 1lbs/hr
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~heat-transfer area per unit volume of matrix, Equation (3), £t -1
-time, hry and angle of inclination

~viscosity, 1b/(hr ft)

-mass density, pof

-ratio of minimum free-flow o frontal area (nfractional opening in
table 1), dimensionless

-wall friction drag force per unit of well surface, psf

—~screen thickmess;s = 24 x 4, in., ft

Dimensionless Groups

4

p

Nfr

Ny

L}
¥'a

lilR(d)

St

2

mass,

-ud

-Fanning friction factor

-drag coefficient per screen

-prandtl number, Ny u;iop/k

-Reynoids number for tube-~like flow or interior flow, !R-4rh0/lk

-modified Reynolds rumber, N'p = E(l-Fp)/Fp Ny

~-Reynolde number, for flow over a body, or exterior flow, lR(d) wd GmaxAt:

-Stanton number, Ng, = h/Gop

-longitudinal pitch, ratio of longitudinal spaocing to wire or rod
diameter

—~transverse pitoh, the ratio of transverse spacing to wire or rod
diameter

The symbol # denotes pounds force in distinction to 1b for pounds

~denotes defining equation
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INTRODUCTION

Matrices of the woven-screen, crossed-rod, or sphere-bed types may
prove to be of interest as fuel element geometries for gas-cooled, diphenyl-
cooled, and nonboiling water reactors., Fine structure matrices offer the
advantages of (a) high transfer area densities, sq ft of surface/ cu ft of
volumes (b) excellent heat-transfer coefficients for an acceptable flow-
friction power expenditurej (c) reduced thermal stresses within the fuel
elementy and (d) possibly reduced fabrication costs in production quantities.
Heat-transfer and flow-friction characteristics of these matrices are of
interest therefore, for future reactor developments and, moreover, for more
commonplace applications such as packed absorption and extraction columnsj
and the "periodio~flow"™ regenerative heat exchanger, now of interest in
automotive gas—turbine application, (1)* and (2).

A program was started in 1949, under Office of Naval Research sponsor-
ship, at Stanford University with the general objectives of investigating
porous=body heat transfer and flow-friotion behavior, The initial studies
were conducted with woven-wire soreen matrices, as these were capable of
fairly olear=cut geometrical definition and their behavior is also of direot
technical interest, A sphere-bed matrix also was included because sphere
beds have served as a "standard®™ for the extensive flow-frioction inves~
tigations of porous media. The results of this program, through 1952, are
avaeilable in references (2), (3), and (4)» A more recent investigation using
packed steel wool was reported by Marco and Han (5).

One limitation on these earlier resultis, from the point of view of
application to reactor fuel-element design, was that they were limited to
a N, range of about 5 to 1000, At the suggestion of the Reactor Engineering
Div¥sion of Argonne National Laboratory, and with fimancial support from the
Atomioc Energy Commission, the Office of Naval Research program at Stanford
was then dir?oted to increase the Reynolds-number range up to 100,000 for the
woven-screen ‘geometry. Consumation of this objective necessitated a complete-
ly new experimental technique and test setup. The fine-woven soreens ranging
from 5 to 60 mesh with wire diameters from T.6 to 41 mil were "modeled™ by
orossed~rod matrices ocomposed of 0,375-in-diam rods. This inorease in
geomeiriocal socale, supplemented by inoreased air-mass velocities, provided
the desired 100=fold inorease in Ni.

Because the weaving effect of the soreens was not duplicated with the
orossed~rod mairices, departures from complete geocmetrioal similarity resulted.
Either porosity, p, or transverse pitoh x_s ocould be dupliocated, but not both.
The decision was to dupliocate porositys as & consequence, small corrections
were applied to the ocrossed rod-matrix dats to estimate the desired woven—
screen behavior at the high Reynolds numbers., However, heat-transfer and flow~
friotion behavior of the orossed-~rod matrices are also of technical interest,
Consequently, the objectives of this paper are to report the behavior of both
the woven—-soreen and the crossed-rod matrices in the N ranges from 5 to 100,000,
and 300 to 100,000, respectively. Additionally, it is preposed to describe briefly

Underlined numbers in parentheses refer to the Bibliography at
the end of the paper,
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the different test techniques used to achieve the low and the high NR test ranges.

This paper constitutes a summary and condensation of reference (E).

RESULTS

The crossed=rod and woven-screen matrices are described in Table l. The
dimensions of the nominal l6-mesh, woven-screen and its associated crossed-rod-
matrix model are shown in Fig. 1. The model for the nominal 2ii-mesh woven—
screen matrix, described in Table 1, is shown in Fig. lL. For both the screen
and model matrices each Wscreen element® was oriented at L5 deg with its
neighbor so as to simulate a ®"random stacking" in contrast to a "regular
stacking," where all the rod elements, for instance, would be either parallel
or at right angles with each other,

Qeometrical Parameters

The geometrical parameters used in the description of either a woven-
screen or a crossed rod matrix are the porosity p, the flow hydraulic radius,
Ta, the rod or wire diameter d, the transverse pitch x,, the longitudinal .
pitch xp , the minimum flow-area ratio ¢, and the heat~transfer area density, Q...
The general definition of the hydraulic radius is

I‘h é’CAfIO'/A oooooooooooo(l)

If one now defines an average flow area, distinct from the minimum flow area, as

A4
"flow’p‘frontal . oooooooooooo(z)

gince by definition

a"‘/xlfrOntal ...oooo.""’(B)

the resulting working expression for evaluating the hydraulic radius.is
rh-pk oooooooooooo(h)
It is to be noted that both p and g can be measured or specified without ambiguity.

The sketches of Fig. 1 describe the differences between the crossed-rod
and wire-matrix elements. For the idealized crossed-rod geometry shown, the

following equations may be derived readily from Equatioms (1) to (L). . .
P=1-%/(x) I £ .
ad-ﬂ‘/xt s e s e cecssss (6)
r,/d = p/{a) ceoececcssso(Ta)
rh/d’(l'f‘-g;')/'ﬁ seece e (M)
O =(xy, = 1) /(xy)? N ¢

e |
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Note that porosity is a furction of x, only for the crossed-rod matrix from
Equation (5) and similarly for 'z /d £Eom Equation (7b). This is not the case
for the woven-gscreen matrix because of wire inclination due to weaving.
Bquations (72) and (8) apply also to the woven-screen matrix.

Correlating Parameters

Two Reynolds numbers will be used for the purpose of corrolating the
flow-friction and heat—transfer characteristios

Nné 4 x, GAL and Fp(a) 44 I/ VI ¢)

It follows directly from the definitioms

H
G = I/(p Afrontaﬁ
and
Y. |
Gmax = W/( orAfrontal)

together with Equations (7a,7b;5,6) that generally for woven-wire and oross-—
rod matrices

NR/NR(d) £3 4¢/c:‘,d ' © 06 © 0o o6 0 o e 0(103)
and svecificaily for the crossed-rod-matrix geometry
21
R/ (d.) ='4‘(x.!;'='::"') /th ooooooooo(lob)

The heat~transfer parameter which will be used is the conventional
Stantor number

Ng, = (h/ch)

Two flow-friction parameters will be used, the Fanning friotion factor
Aﬁ
p’r/{P 3 ooooooooo(lla)
Egc

and a drag coefficient

A P o 2';2
CD .";;P“’f/iﬁ ma;gzc 3 e e o 00 e oo (12a)

For essentially constant density flow

YA =P A

frontal
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Bquations (11la) and (12a) will then reduce to the more conventiomeal"hydrauliec
form"”

2= Tn AP \/ 0%/p? c e et e e e (21D)
A

G2 2
cn.i_(ép?)/(mg‘;ip) D ¢ 1Y

In Bquation (12b) C, is a drag voefficient, or pressure coefficient, for a
single screen of th?clmess 6 - 26.12.

It is evident that conversion from one friction parameter to the other
can be made from the general relationship.

5.2
.%‘.;-(%.)(—g-) e e s e s oo (130)

and for the crossed-rod matrix geometry

g [ (4x,)] >

o, 2[,”‘ (x, '1)4/’%5] P ¢ X 1))

Bquations (10b) and(13b) are shown graphically im Mg, 2,

t
As mentioned earlier, the small geometrical dissimilarity between the
woven-soreen matrix and the orossed-rod-~matrix model prompted the selection of
porosity as the common parameter. The observed behavior of the model was then
"oorrected” to estimate the behavior of the woven—-soreen matrix, The correo-
tion factors are described in the following text.

From the flow sketch in Fig. 1 it is evident that because of wire inclina-
tion due to weaving, the boundary layer develops over a longer flow length than
for the orossed-rod element. A simple boundary-layer analysis indicates that
the orossed-rod element would have higher heat-transfer coeffioient at a given
mass veloolty, because of the shorter perpheral flow length for boundary-layer
development. In effect, the boundary layer Reynolds number for the inolined
oylinder is greater than for the cylinder normal to the flow. Thus, for the
same NS the effective N, based on r,, for the screen matrix must be less than
Ky for Fne rod matrixs ahd analysis indicated that cos ® is the factor to apply.

cos 8 Ny (crossed~rods) = Nn (woven—soreen)

This conclusion was confirmed by tests, reported in (1_1), on a single
oylinder at various inclinations up to 34 deg. As indicated in Table 1, the
magnitudes of § are such that this adjustment on Reynolds number is less than
12 per cent for five of the six matrices, and less than 2% per cent for the
sixth. Moreover, since N o K -00375 approximately, even the 25 per cent
adjustment has only a 9 per cent ?nﬂuonoo on lst'

-
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With this correction it was found that the low HR soreen heat-~transfer
behavior correlated very well with the high HB crossed-rod test results.

Fr07 aerodynamic consideration, and also from a comparison of f/2 versus
’sg N, 2 3’ the oonclusion was reached that form drag provides the major
contrigution to friction, and that skin friction is only a minor faotor. For
this reason a cos @ correction is not warranted, as for the case of heat transfer.
It was then determined by trial that the direct test results of C, versus X

with porosity as a third parameter, provided a very good oorrelat?on of thenﬂih
NR crossed rod-matrix data with the low N woven—-soreen-matrix data.

B S&Aao the model x, did not matoh the wovoﬁigzreon matrix x_,, this correlating
procedure, in offec*, resulted in a relative shift on both tﬁe friotion~faotor
ordinate and the Reynolds-number abscissa in converting the orossed-rod matrix
02 versus '5{"‘)4 to £ versus Rn for the woven-screen-matrix behavior., The
magnitudes hese shifts is indiocated in Pig. 2 by the ordinate difference
between the woven-screen matrix of specified porosity and the associated orossed-
rod model of the same porosity, but slightly different x,. It may be noted that
the friction faotor and Reynolds-number shifts are genersdlly small except for the
P = 0,602 matrix where they are quite large.

Heat-Transfer and Flow=Friction Results

In Figs. 3 to 8 are presented the test results for six woven-soreen matrices
ranging in porosity from 83,2 to 60.2 per cent. The correlating factors used are,
for heat transfer, N % N 3 versus N y and for flow-frictiom, f versus N.. In
each case the lower ﬁ dgi'a points are Trom the previously reported results of
Coppage, (A). The higher N, points are corrected from the crossed-rod-matrix
model data, as described préviously. For heat transfer, the N, was multiplied
by cos § to acoount for wire inoclinatiom due to weaving., The friotion factor
f, was caloulated from the model crossed-rod matrix 0., and Bquationm (13a), using
the woven-wire-matrix parameters (r, , ©y, Py and § ). “There is also involved in
this C, =to-f transformation a convirsion from IB{ d},a“ Ny, using Bquation (10e),

with the appropriate woven-wire-mairix geometrica rameters,.

The curves representing the heat-transfer behavior (Figs. 3 to 8) were
caloulated from the empirical equation.

2/3 .
nstnh/-o.37sn'n"°375 R o 7))

where N., is a “modified"™ Réynolds number as follows
| - -
Ig lpp_l;r IR

f = 0,96 for lli > 1800
f = 1,155 -~ 0,0601 log,, Ii for lli £ 1800

To facilitate the use of Equatiom (14), Fig. 10 was prepared, giving
Ni/IR =(1-Fp)/Fp as a function of
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The six heat-transfer curves from Fige, 3 ard 8 and a seventh curve also
caloulated from Bquation (14) are summarized in Fig, 9. This last ocurve, for
a porosity of 0,390, provides a comparison with the low N, sphere matrix data
reported by Coppage and Londox (g)o The agreemer.t is surprisingly good; but
somewhat fortultous, because of the great difference in geametry. Moreover,
Denton's results (§5 for NR from 530 to 53,000, which can be represemted by

‘ 2/3 -0,31

Ngy Bpy, 77 0.237 By
while forming quite a reasonable extension of the low N_, sphere data, are some
56 per cent higher than the curve from Equation (14) at g = 50,000, It is
recommended that Bquation (14) be restrioted in application to either screen
or orossed=rod matrices in the range of porosities of 55 to 85 per cent. Note
that the application to randomly stacked crossed-rod matrices will be moderately
conservative (by less than 10 per cent ) because of the inclusion of the com &
correction factor to account for the weaving of the screen matrioces.

In Fig, 11 are presented the direct test results of C, versus N for
both the woven-screen and orossed-rod matrices. The gonerafly good agreément
between the low N, a bebavior of the screens and the high X a behavior
determined from tgg ;od matrices supports the adequacy of th? of correlation.

An empirical equation for this family of curves was determined to be

-l -0.33 _ 9,34
loglgcn ;%'l}"“nx(d) P oooooooooo(15)

The adequacy of Equation (15) in representing the experimental results is
demonstrated in Fig, 13, where the test data in the form of

ODP versus p3°03 .|

are graphed. The agreement with the line from Equation (15)¢ namely

' P 3003 -°°33 ‘_,Q
logy, 0gf = 1.33 [p ln(d)—.] 254
is generally within 15 per cemt, Almo on this graph are the results of Romie,
et al (7)for three soreen matrices and these data also support the correlatiom.
Application of Equation (15), as for the heat—transfer correlation Equation (14),
should be restricted to a porosity range of 5% to 85 per cent,

Because of possible interest in orossed-rod geocmetries for reaotor fuel
elements, Fig, 12 is 7ncluded. Here the direot test results are presented in
the form of N ngs 2/3 and f versus Nh. It is recommended that this representa-
tion be onplo%d’ r porosities in the range 60 to 83 per cemt and for N, from
500 to 100,000 in preference to Equatioms %;4) and (15), which were dovo&opod
primarily for the woven-screen-type matrix and therefore include the =mmall cos @
correctior on heat tramnsfer,

-
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EXPERIMENTAL METHOD

The experimental method and the equipment for the low N, ocharacteristics
are described in detail by Coppage (3). These tests were with the six woven-
soreen matrices described in Table 1 and one sphere matrix, porosity = 0,390,
using 0,0818-in. lead balls, The friction characteristics were established
by conventional steady-flow, isothermal procedures and the heat transfer by a
transient technique as follows,

The matrix, initially at a uniform temperature, is heated with the air
flow which, at "time zero," enters at a constant, higher temperature. The
temperature—~time history of the fluid leaving the matrix is recorded during
this heating process, This heating curve is corpared to the Anzelius and
Schumann analysis of heat transfer to am idealized pcr-ous body and the convec-
tive heat-*ransfer ocoefficient is established thereby. The comparison with the
theoretical solution is accompiished by matching the maximum slope of the heat-
ing ourve., The reasons for selecting this proocedure in lieu of other methods
of oomparisom are discussed in reference (}fo

The high N_ characteristiocs, obtained from tests on crossed-rod matrix
models of the woVen—soreen matrices;, were determined using the transient
$echnique desoribed by London, Nottage and Boelter (g)for both heat-and mass—
transfer investigations and, more recently, in its application to tube banks

(2) and (lg) °

Briefly, the technique oconsists of determining the time rate of cooling
of a thermal ocapacitor of the appropriate geometry immersed in the air-flow
stream., In Fig.l4, the capacitor, constructed of copper with plastic end pieces,
is shown as one rod element of the matrix., Allthe other rods are of plastic.
The capacitor couvld be withdrawn and re-inserted into the matrix at will, with-
out interruption of the airflow,

Fig. 15 shows the section of duct oontaining the test matrix along with
the location of the removable thermal capacitor. With the airflow established
at a desired rate, the capacitor rod was withdrawn from the matrix and heated
in a small electric over 50 to 60 deg F above the duct air-flow temperature,

The thermal-capacitor rod was then reinserted into the test matrix, and its
temperature—time history, for the slower cooling rates, was determined with a -
Brown indicator, (25-in scalej 5-millivolt range; 1/2 ses full-scale response),
noting the times with 1/10 sec stop watoches at 1.0, 0.9, 0.8, 0.7, 0.6, and

"0.% millivolts above the ‘temperature of the reference junction in the air stream,
Thus, the test cooling range was about 15 deg F starting from about 30 deg F
above the air—=flow tempersture. For the faster cooling rates a Brown Electronik
recorder was used, with a scale setting having a sensitivity of 4 miorovolts and
a full-scale response of better tham 1/2 sec.

The equation for the temperature of the thermal capacitor coocling in an air
stream, with a pure convection resistance at the surface of (1/hA) hr F/Btu,is
= hA
'9'—0_0 ooooooooooo(16)

g -0
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where the temperatures are referred to an air-stream datum and C, the thermal
capacity, is obtained from the product of mass and specific heat of the copper.
For the small cooling range considered, the thermoocouple emf response is linsar
with temperature so that the minus logarithm of the emf ratio plotted versus
time yields a straight line of slope C ° The convective heat-~transfer coeffi-
cient is caloculated from this slope.

The magnitude of C/A for the thermal capacitor was about 0,40 Btu/(F sqft)
(Table 1). As the range of measured h was from 3 to 100 Btu/(hr sq ft deg F) the
“fime constant™ for the thermal resistance-capacitor circuit (C/hA), ranged from
0,133 to 0,004 hr (or about 15 sec), From this last magnitude it is clear why
a recording poteniiometer was required for the faster cooling runs.

For the crossed-rod matrix tests, determinations for f and C, were made
from Equations (11b) and (12b), since essentially constant demsity=flow condi-
tions obtained, Because of the wide flow range, it was necessary to measure
the pressure drops with either compound vertical-and-inclined draft gages, or
with a l-in-range micromanometer which had a sensitivity of 0,002 in. of water.
The measured pressure drops ranged from 10 in, down to 0,01 in. of water,

As a preliminary check prior to all these tests, pltot~tube veloocity
traverses were made upstiream from the test section ir order to demonstrate
uniformity of the approach flow, and also provide a check on the orifice
flow meters., After suitable adjustment of the trim tabs on an egg-crate flow
straightener, located upstream, I 1 per cent uniformity over 96 per cent of
the flowsection was achieveds and the orifice meter also was checked to within
1 per cent. This flow uniformity check was made at only one air rate, but
since the fiow was induced from the laboratory room through a smoothly converg-
ing entrance section, and the duot Beynolds number was always in excess of
30,000, the same degree of uniformity can be reasonably anticipated for the
complete test range.

The estimated experimental unceriainty intervals associated with these
two transient techniques are as follows (3, 11)

Uncertainty Intervals

Low Ny test High N, tests, b
2" R per'chat  Tn 5z ctnt
Ng. +15 +3
£ 5 >
Ny 2 2
NPr 2 2

a Woven-~screen matrices
b Crossed=rod matrices




From the test results presented graphically in Figs. 3 to 8 and Fig. 12,
it is olear that the experimental scatter and reproducidility are well within
the foregoing limits., Note, however, that the foregoing estimates of exper-
imental uncertainty do not include the speculative aspeots of the corrections
applied to the orossed-=rod matrix behavior to prediot the high X, behavior of
the woven-wire matrices., These include (a) the oblique flow, ool @, correction
to N, for the heat-transfer dataj and (b) the relative shift in friotion factor
f, and N, reported in Fig, 2, as was suggested by the CD versus 'R(d) oorrela-
tion of Fig. 1l

A more detailed presentation of the test equipment, the technique, and
the evaluation of experimental uncertainties is ocontained in reference (ll)o

DISCUSSION

In all the tests reported in this paper the fluid used was air at
approximately room temperature. As temperature differences for heat transfer
were always small, variations of properties in the boundary layer were neg-
ligible. In apprlication, however, some consideration must usually be given
to0 the influemce of fluid properties variations,

A lf 2/3 factor is included for the Prandtl-number effect, even though
this factoF was essentially constant for the tests. It should be a reasonably
good approximation for a N, range of 0.6 to 3, It is not applicable for the
very low Prandtl Number ofpfiquid metals, Some limited experimental results
of the influence of Nfr in crossflow are discussed in a paper by Weisman (;g)o

Two Reynolds numbers are used in the correlations, lﬁ and l% a), as
defined by Equations (9). The first of these might be termed an & Yalent
tube~flow Beynolds number, as the mass velocity G is based on a porosity
average flow area, and r, characterizes a flow-passage dimemsion. In contrast,
N d is a parameter chaTacteristio of flow over a body of dimensiom d,
egielienoing an oncoming mass velocity G __. From the point of view of the
designer, the tube flow, or 1nterior-f103§§oint of view is probably the most
simple to apply because the dimensions x,, Py and @ are more closely related
%0 the design problem. In contrast, for flow friction the exterior flow or
aerodynamic point of view is most useful in tying together the corossed-rod

and woven—soreen behavior, For design convenience, after the matrix geametry
is specified; it is recommended that GD versus ‘n(a) be oonverted to f versus

Np, using Bquations (10) and (13).

It is oomforting that the f characteristic for the woven-screen geometry
at the high Reynolds numbers, as prediocted from the model tests, lime up so
well with the direot tests at the low N.(Figs, 3 to 8)., This agreement is not
as strong a verification of the C, versus N correlation as desiredj however,
because an examination of Fig, 2 3111 show Q‘gl only the p = 0,602 matrix
involves a strong enough relative shift in transferring to the f versus N, basis,
The shifts provided for the p = 0,675 and 0,72% matrices, while noticeable, are
not marked enough to be really oconvincing, Moreover, because of the negative
slope of the f versus Ni oharacteristio, these Reynolds numbers and f shifts are
partially compensating. In effect, while the 0n versus .i(d) ocorrelation of both




orossed-rod and woveu-wire ma%rices appears rt0 ta _ulte prowlizlrg, furtker
confirmation for porositles inm the range of S %0 4] per cert is reeded.

The correla*tirg Bouatiozs (14) ard (25} fi% *he wove =:cree —~marliy
behavior very welli,; especlally wher %he wilde raage of N,y fror 5 to 102,200
is taken into account., For teat “ransfer, with tre excepior cf itce N, range
below 30 for the ome matrix of 1.72% porssitv, the agreexery Le wi%hinRIS per
cent, Nevertheless; it is to be sirongly empta=z'zed trna® walle theas eguations
are adejuate for interpolating withis *re test peroriliv rasge, they camol re
safely extrapoiated outsids of +the range “oS5%¢ ¢ w895 iz spite of this
caution, because of the iack of basic dssigr data, tte engirneer aay te forced
to make extrapoiations not only to perosltles couitside this range; but alsoe to
other geometries. Some support for this specuiatlve procedure, for the heat-
transfer behavicery, is provided by the fact +that the =zprers tehsvior on Flg. 9
is predicted quite well by Equation {14) for ¥_, &£1900 arnd ever at & N, =
50,000 the extrapoiation provided by Equatiown §;4) iz oniy 5€ per sens telow
the results of Denton Qé)o Comparisors of the Low N, wover—screer uneat
transfer are in approximate agreement witn that of bveds of graruiax materials

The heat-transfer behavior for flow normai %o tube banks (9), for the
two staggered arrangements with & longltudinal pitck of uwnity, as for the
orossed~rod matrices, are also in falr agrsement {27 to 30 per cemn3 Lowex)
with Bquation (14). Tke transverse pitch for these geometries 8I's X, = 2,00
and 1,50 corresponding to porosities, from Bamation {(15), of L.607 add Je477,
respectively, Further comparisors of this nafure ars reported by Weismex (12).

The behavior reported Lers for crossed—rod and wover=~screer mssrices are
for “random stacking® in contrast to "regiiar stacklrg,” where the rod=z or
wires are either parsal’lel or a% right angles wit: each other, For fuslielements,
the “regular stackirng” may prove %o be more a*tiractive from the viewpolui of
fabricatior. Moreover, there is some evidencs %o telileve that the heat-
transfer bekhavior may be improved by about 1! per cext with the same or lower
friction, for the "staggered regular siackli:ig® where flow self-shielding is
not as prorounced as irn either the “in~lime regilar stackizg" or “rondox stack-
ing"® geametries, Trese guestions are currentiy wie- irvestigation.

CONCLUWSIONS
The following coxciusionms result from this investigatlions

1 Adequate basic heat-=transfer and flow-friction data are row
available for the"rardom stacked” woven-soreen and crossed-rod types of matrices,
over a wide range of Reyroids numbers and a porosity range from 55 to 85 per
cent,

~

2 The fact that “wo markedly different +ransient test techniques
were employed to cover the Reynolds number range; and tbat substantlial agreemert
resulte in the overlapping region, provides confidence in the wvalidity of the
resul te,




3 Extrapolation of these results to the prediction of the heat-
transfer and friotion behavior of other porcus body geometries is risky. How-
ever, for the heat-transfer behavior at least, some limited support for this
procedure is in evidenoce,

4 The transient technique used for the orossed-rod matrices has
proved to be both simpie and accurate, Wider application to other convective
heat-transfer investigation is suggested,

5 PFor the orossed-rod matrix geometry, remaining investigations
inoclude the "regular stacked™ arrays of both the "in-line"™ and'"staggered"
variety and a wider range of porosities for both the “random™ and "regular
stacked™ geometries.
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HEAT-TRANSFER AND FLOW-FRICTION CHARACTERISTICS
OF WOVEN-SCREEN AND CROSSED-ROD MATRICES

CAPTIONS FOR ILLUSTRATIONS

Geometry of woven-soreen and orossed-rod matrioces (Dimensions
are for the nominal l6-mesh soreen matrix and corre: ‘ing
crossed-rod model, See Table 1, Note that woven-sc.. . matrices
may have x, either greater or less than unity as a result of
orimping or flattening respectively.)

Flow-friction factor and Reynolds number ratios for
orossed-rod matrices
From Equations (13b) and (10b).
+ denotes orossed-rod model conditions
e, 0 denotes woven-wire matrix conditiona ocaloulated from Equations
(i3a) and (10a).
(0rdinate differences, for a woven-wire matrix and its oorresponding
modsl, indicate the relative shift involved in oconverting from the
C,, versus ¥ drcorrolation 4o predict the f versus HR behavior of
slreens st b g& ¥, shown in Figs. 3 to 8.)

Woven-asoreen matrix characteristics K NPr 2/ 3 and f versus N
(See Tabie 1 for details on the goome%gy. Porusity p = 0,832.)

Woven~screen matrix characteristios N NP 2/3 and f versus ]ln
(See Table 1 for details on the geome%ﬁr, Forosity P = 0.817.)

Woven—acreen matrix characteristios N nPr 2/ 3 and f versus K
(See Table 1 for details on the gacmo%iy. Porosity p = 0.766.’

Wover~soreen matrix characteristios Ns " NPr 2/ 3 and f versus lln

(Ses Table 1 for details on the geometry. Porosity p = 0.725.)

Woven-—soreer matrix charaoteristiocs N lPr 2/ 2 and f versus ¥
(See Table 1 for details on the geome ;y. Porusity p = 0.675.7

Woven—~screen matrix characteristios N, nPr 2/3 and £ versus ,R
(See Table 1 for details on the goome%iy. Porosity p = 0,602.)

Sumeary of heat-transfer characteristios for woven—soreem matrioces
’B % !Pr 2/3 versus IB
(Lines are calculated from correlating Bquatiom (14)., These
are the same as the lines shown in Figs. 3 to 8 for the
soreen matrices. Alse shown is a line ocalculated for a
porosity of 0,390 (corresponds to the porosity of a random
packed sphere matrix tested by Coppage (4) .)
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HEAT-TBANSFER AND FLOW-FRICTION CHARACTERISTICS
OF WOVEN-SCREEN AND CROSSED-ROD MATRICES

CAPTIONS FOR ILLUSTBATIONS-Continued

X /N, = (1 - Fp)/Fp versus X
nsﬁpglmontary graph to use whth Bquation (14)

Priction correlation for both orossod—roq and woven—soreen
matrioes OD versus 'R(d)

Crossed-rod matrix characteristios '8 t‘Pr 2/ 3 and f versus ln

Test of friotion correlating Equation (15)

Crossed-rod matrix

(Model for p = 0,725, 24 mesh woven-wire matrix desoribed in
Table 1, Model matrix oonsists of 5 “soreens" or 10 rows of
rods. The thermal ocapacisor element is located in the froamt
row of the fourth "soreen” in the flow direotion,)

Cross-rod matrix :I.;n test ciuot

8pecifications for Large Soale Model and Soreen Matrioes




Np/Npa)

TABLE 1., SPECIFICATIONS POR LARGE SCALE WODEL AND SCREEN MATRICES
J Model Screen| Model Screen | Model Screen | Wodel Screen | Nodal Screen | Model Screem
mtrix matrix | matrix metrix | matrix satrix | satriz sstrix | meiriz mstrix | mtriz msatrix
1 5x5 II lox1iof M 16x16] IV x| Y 60xé0f M 60 x 60
p, Porosity | 0.832 0.832 |0.817 0.817 | 0.766 0.766 |0.725 0.725 |0.675 0.675 |0.602 0.602
4, in, 0,375  0.041 | 0.375 0.02k5 | 0.375  0.0175 | 0.375 0.0135 (0.375 0.0076 | 0.3715 0.0105
Actual Dia,
Screen 0,750 0.0790| 0,750 0.0530 | 0.750 0.0335 |0.750 0.0255 |0.750 0.0170 | 0.750 0.0285
Thickness, 5, ir}
no 1070 [30.69 W2 |88 2.2 | 25.57 123 |20.60 o0 1623 0.3 [1.82 o0.332
x, < §/2d 10 096 |10 1,08 1.0 0.9% 1,0 093 (1.0 1,12 |0 L3
x b.675  L.80 | ha292  L.O7 3356 3.52 2,056  3.07 2,117 2,22 19Tk 1.65
g, anfed las 196 23 32 12 e 2 s 1.6 2000 |09 1820
o, fractional ' C.uE Lot 0088 0,558 | 0.h92  0.513 | 0422 0.4S6 [ 0.2W. 0.302 | 0.2h3 0,155
opening ’ !
0, degrres | 0 Il . & b 7. 9 - 27.0 0 L6
wire obliguity ;
length of | 8.56 - |66 - $.00 - 5.0 - bibd - (b -
capacitor, in.; ! '
C/A 0,391 - 0.391 - 0.396 - 0.396 - 0.395 - 0.395 -
Brw/(fe? p) I
]
Crientation of Iod.l Matrix Assesblies
s, B , 709, -65°, 25°, 4ig°, lof’ 52 90%, ~45°, 15°, 12.rov matrices
, v,vr 2200, 100, 650, 259, L5°, US®) 0, 90°, ~US°) 15°. lo-row mtriow
Location of Capacitor:s Rinth-row for Models 1, II, III and seventh-row for Medels IV, ¥V, V1.
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