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(5 Heat exchange wall member, heat exchange channe! element and heat exchanger employing same.

@ A heat exchange wal! member having a multiplicity of
parallel, elongated wall projection portions formed
therefrom. A muhtiplicity of channels formed from such wall

members may be disposed in a stacked array to form a heat

exchanger assembly.
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This invention relates to a heat exchange
channel element having a multiplicity of wall projection
porticns disposed cz its surface and to a heat exchanger

comprising channel elements formed from such wall members.

U. S. Patent No. 3,757,856 issued September 11,

1973 to L. C. Kun discloses a thin-walled, light-weight
heat exchange channel elewment having on 2 portion of its
wall surface isostress contours with substantially
unifofﬁly disposed unidirectional wall supporting pro-
jections. The isostress surface disclosed in the Run
patent is a continuously curved surface having a multi-
nlicity of isostress countours wherein each contour has
a multiplicity of radii with theoretically no flat
segments and resembles the curved contour of a shear-free
"spoap bubble" membrane. The isostress contoured heat
exchange channel element may suitably be formed as a
loﬁgitudinally extending channel open at its extremities,
whereby a first heat exchange fluid mav be flowed through
the interior of the channel element in heat exchange with
a second heat exchange medium flowed over the exterior

urface of the channel ele—ez:z. Such hear exchange
channel elements mey usefully be employed in any appli-

cation where there is substantial pressure difference
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between the respective first and second heat exchange

media and has particular utility as incorporated in an
gutomotive radiator.
As employed in an automotive radiator or

heater, a multiplicity of the Kun heat exchange channel .

)

;elements are serially stacked in an array and arranged

so that the wzll projections on one channel element mate

]

with and abut against éorresponding wall projections on
an adjacent chennel element, A heat exchanger fabricated
in this manner has a first set of passages defined by

and bound within the channel wall members and a second
set of paséages defined by and disposed between the
channel elements. During operation, high internal coolant
pressures (of the first heat exchange medium flowed
through the interior passages of the channel elements)

on the order of 20 psig and higher may be accommodated,
since in the stacked array the internal pressure is
balanced By the support function ofrtbe adjacent channél
element projecticns., The heat exchanger can thus be
economically and quickly fabricated, with the stacked

channel elewent assembly (heat exchanger core) being

o

disposed within a mechanically simple load-besring -
structural frame assembly.

The provision of the isostress-contoured
surizce iz the =szmmer cf the zforementicned XKoo patents

permits the channel element to be readily fcrmed of thin

and lightweight materials of construction such as
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stamped from thin aluminum sheet stock having a thickness
of for example on the order of 8 -~ 10 mils., This -
ability to use thin sheet metal material in faﬁricating
channel elements has several inherent advantages, particu-
larly in application to automotive radiators and heaters.
First, the use of low material thicknesses for the
heat exchanger channel elements is associated with
reduced material costs and reduced material weight for
the fabricated heat exchanger. The reduction in weight
permits a given automobile power plaqt.(internal com-
bustion engine) to provide incfeased transportation
fuel efficiency, with obvious advantage in our present
economic and energy climate. Second, the use of thin
wall members for the heat exchange channel element per-
mits high heat transfer performance of the heat exchanger
to be achieved. Such result is attributable at least in
part to a short heat conduction path normal to the
surface of the heat exchange channel element. Third,
the increase in heat transfer capability of the thin-
walled channel elements permits a substantial reduction
in size of the fabricated heat exchanger to be achieved.

Notwithstanding the above-identified advantages
of heat exchange channel elements and heat exchangers
ed In accordance with the teachings cf che
aforementioned Kun patent, automotive heat exchangers

of such tvpe have not yet been widely Implemented in the

-a-
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construction of automobiles and other motor wvehicles,

A primary reason for this lack of implementation is
associated with the characteristic external heat exchange
medium pressure drop in the fabricated heat exchanger.

In the normal zutcmobile configuration, wherein air

~)

(the external heat exchange medium) flows successively

[L 4]

through the front grill panel, the air conditioner con-
denser (if present), the radiator, the fan, and then by
the engine block, the radiator represents a principal
resistance to air flow. 1In this configuration, radiators
constructed in accordance with the Kun teachings typically
have a higher air-side pressure drop than conventional
radiator designs. As s result, the Kunm radiator will
operate with a lower gas velocity at the primary surface
of the channel element than is characteristic of con-
ventional radiators. Such lowered air-side gas velocity
in turn reduces the air-side heat transfer. Imasmuch as
air-side heat transfer represents the controlling or
Ii=iting resistance to heat transferrin the radiator,

the lower air-side gas velocity and heat transfer dis- : 8

advantageouslv reduce the advantages otherwise achieved

[tdd

by the radiator in ewploying thin wall wmembers.
Accordingly, it is an object of the present

enticn to provide a heat exchange wall member which

i
may pe emploved te form a thin-walled, Zighr-weiglit heat
exchange channel element possessing the advantages of the

channel element disclosed in the aforementioned Kun

patent which when employed in z heat exchanger
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assembly, such as an automobile radiator, has more
favorable air-side pressure drop performance than the

heat exchanger disclosed in the Kun patent.

10

In its broadest aspect, the invention relates
to a heat exchange wall member of thermally conductive
material having a multiplicity of wall projection portioms
distributed across the wall member sur?ace and extending
therefrom with load-bearing end segments at their
extremities, whereby the wall member may be supported
abuttingly against an adjacent structural member by thé
load-bearing end segmeants of the wall projection

portions.

In the improvement of the invention, the well
projection portions extend elongately on the wall

member surface with the load-bearing segments thereof

having an aspect ratis (dz/dl) of ar least 10, wherein
€, = length of the major axis of the wall projecticn

portion load-bearing end segment measured in the base
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plane of the wall member and d1 = length of the minor
axis of the wall projection portion load~bearing end
segment measured in the base plane of the wall member.
The wall projection portions are oriented on the wall
member surface with the mzjor axes of the load-bearing
end segments of the wall projection portions aligned
substantially parallel to one another. In additionm,

the wall projection portions have a dimensional size and
a dimensional relationship therebetween defined by a

D dimension of between about 0.2 and 3.0 inch, 2 H/D
ratio a2f between about 0.05 and 0.5, and D/dl ratio

of betweenabqut 1.5 and 50, wherein: H = the maximum
beight measured perpendicularly from the base plane of
the wall member to the innermost point on the wall member
surface between adjacent wall surface projections;

between
D = the spacing/the —ajor axes of load-bearing end

;egments of adjacent wall projection portions, as
measured perpendicularly to said major axes in the

base plane of the wall member; and the base plane cf the
wall memﬁer is a2 plane containing the extremities of
wall surface projections extending outwardly from the
wall member surface to a uniform extent.

In preferred practice, the above~described

heat exchange wall mezber is suitably emploved in a keat

0t

exchange channel element imcludingz two spaced apas

wall members of such tvpe, wherein the heat exchange

channel element extends longitudinally and hasan elonga:t-

ed cross section bound bv the aforementioned two spaced-

L]

"
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apart wall members as side walls spaced apart by edge walls,
the channel element having a first £luid entrance opening
at one end and a first fluid exit opening at the opposite
end. In this preferred embodiment, the wall projection
portions extend across substantially the full width of the
side wall and are oriented with the major axes of the

wall projection portion locad bearing end segments substan-
tially perpendicular to the longitudinal axis of the

channel element,

Another aspect of thé invention relates to
2 heat exchanger comprising a multiplicity ofréhaﬁhel
elements of the above-described type, the channel
elements being longitudinzlly aligned in parallel
spaced relation each with a first £luid entrance open-
ing at one end and & first fluid exit opening at the
oppesite end, and common inlet manifold means and
common exit manifold means respectively associated with
said first fluid entrance openings znd said first fluid

exit openings.
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In a primary surface embodiment of the above-
described heat exchanger, the lozd-bearing end segments
of wall projection portions of the channel elements are
shaped and arranged for mating with and abutting against
load-bearing end segments of the projection portiomns of

g
an adjzcent channel element wall member, with the wzll
surface portioné between the projection portions there-
by forming spaces between adjacent channels through

which a2 second fluid may be flowed in heat exchange

10 with the first fluid.

W
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In a preferred primary and secondary surface
embodiment of the previously described heat exchanger,
a multiplicity of channel elements are disposed in a
stacked array with secondary surface plate-like members
being disposed between adjacent channel elemenzs with the
load-bearing end segments of the wall projection portions
of the channel elements being shaped and arranged for
mating with and abutting against the secondary surface
members, whereby the secondary surface members are
maintained in thermal contact with the chennel elements
along the abutting load-bearing end segments thereof.

As used herein, primary surfaces are those which
bound the passage walls separating the twe fluidsfin
heat exchange. The flow path between the fluids is merely
the thickness of the passage wall so that heat flows
substantially normal to the wall. 1In contrast, secondar§
surfaces are nct in direct contact with the first heat
exchange fluid but rather zre substantizlily surrounded
by only the second fluid. Accordinglv, the heat flow
path through the secondary surface is substantially par-

allel to the surface.

-
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Figure 1 is an isometric view of a porticn of a
heat exchange wall member according to one embodiment ci
the present invention,

Figure 2 is an isometric view of a portion of
2 hest exchange channel element acccrding to one embodi
ment of the present invention.

Figure 3 is a sectional, elevational view of
a portion of the Figure 2 channel element along the
longitudinal axis L-L therecf.

Figure 4 is a secticnal, elevational view of the

Figure 2 channel element, taken in cross section z2long a
wall projection perticn therect.

Figures 5 and 6 show illustrative configurations
" of wall projection portions such as may be employed in
the Figure 2 channel element.
Figure 7 is z plan view 0f z vportion of the
Figure 2 channel element, showing the geometric and

dimensional features cf the wall surfzce o0f the chznnel

elewent.
Figure 8 is an isometric view of another heat
exchange channel element accerdiang to the invention.
Figure 9 is s plan view of a portion of the

Figure 8 channel elezment, showing the gecmetric zand

Y

dimensicnal features of the wal._ surface therecf.
Figure 10 is z plan view cf another heat exchange

channel element according to the invention.

- 11 -
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Figure 11 1is an isometric view of a portion of
the Figure 10 channel element, showing the details of the
wall proiection portions thereoZ.

Figure 12 is a sectional elevationél view of
a portion of a stacked array of channel elements of the
type shown in Figures 10- 11.

Figure 13 1is a sectional elevational view of
a portion of another stacked array utilizing channel

/
elements of the type shown in Figure 10.

-— - - ——— e e ——

Al
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Figure 14 is an isometric view of a portion
of a heat exchange channel element of the type shown

in Figure 2., provided with a secondary surface f£in at

n

5 zn isometric view of a heat ex-

(20

Figure

change channel element of the type shown in Figure 2,

provided with secondary surface f£ins at both edges thereof.

Figure 16 is an isometric view of a channel
element of the type shown in Figure 2, provided with
multiple fins at béth edges thereof,

Figure 17 is an elevational view of a portion
of a stacked array of heat exchange channel clements of
the tvpe shown in Figure 2.

Figure 18 is an elevational view of z portion
of a stacked array of heat exchange channel elements of
they type shown in Figure 2, with secondary surface
plate-1ike numbers being disposed between zdjacent
channel elements.,

Figure 19 is an elevational view of a portion
of a stacked array of heat exchange channel elements
according to the invention, wherein each channel element
is provided wich a sequence cf wall projection portions
of alternately varying height.

an elevaticnal view cf portions

'ry
[
aq
F
{
[{4]
t3
O
fe
tn

cne another bv means of wall proiection portions with

non-planar lozd-bearing segments.

"

W,

6

o



151

10

20

-y~

Figure 21 1s an isometric view of a portion of
a heat exchange channel element according to the invention
showing two types of wall projection portions with non-
planar load-bearing segments.

Figure 22 is an isometric view of a2 stacked
array of heat exchange channel elements according to
another embodiment of the. invention.

Figure é3 is an isbmetric view of a stacked
array of heat exchange channel elements as shown in
Figure 2 but provided with secondary surface
fins at each edge thereof and with a secondary surface
plate-like member disposed between adjacent channel
elements, the plate-like member being provided with
slatted, slotted louve:-typé surface distortioms.

Figure 24 is a plan vi;w of another éecondary
surface plate-like member, such as may alternatively be
employed in the Figure 23 stacked array of heat exchange
channel elements. | |

Figure 25 is a sectional e1é§atioﬁa1 view of
the Figure 24 plate-like secondary surface member taken
along line A-A. |

Figure 26 is an elevation view of a wind tunnel

used to test automobile radiator heat exchangers.

- 14 -

0014481
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Figure 27 is an exploded dssembly drawing of a
portion of a heat exchanger according to the invention,
comprising a stacked array of heat exchange chaﬁnel
elements of the typeishown in Figure 15.

Figure 28 is an isometfic view of a portion
of the heat exchangef assembly of Figure 27, showing the

detailslof the headering arrangement thereof,

Figure 29 is 2 sectional plan view of a portion
of the headering arrangemeﬁt of Figure 28.

Figure 30 is aﬁ isometfic view of a
portion of the headering arrangement of Figure 28.

Figure 31 is a graph of convective heat transfer
effectiveness factor plotted as a functidn of Reynold's
number, for wvarious heatrexchéﬁger embodizents of the
present invention and for a heat exchanger constructed in
accordance with Kun U, S. Patent No. 3,810,509

Figure 32 is a graph of heat transfer material
efféctiveness for radiators constructed in accordance with
the present.invention and a radiator comstructed in
éccordance with the aforementioned Kun patent, plotted
as a function of gas flow velocity at the face of the
radiator.

Figure 33 is a graph of channel element wall
member deflection plotted és a function of internal
vacurm pressure and also as a function of intermal
buckling pressure, for a channel element according to the
present invention and a channel element according to

Kun U. S. Patent No. 3,810,509,

W,

WM
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Referring now to the drawings, Figure 1 is

an isometric view of a portion of a heat exchange wall

member according to the present invention stamped from thin
sheet wetal, The wall member 11 is stamped with a surface
comprising ridge projections 17 extending elongately across
the top surface of the wall member with flat top surface
portions 18 at tbe extremities of the ridge projectioms, the
flat top surface portiuvms 18 having an aspect ratio (do/d71)
of ar least 10, wherein d, is the longitudinal dimension of

the ridge projection flat top surface portion and 4, is the

1
transverse dimension of the ridge projection flat top sur-

face portion. The flat top surface portions are surrounded
by top surface portions 20 having z concave eleva;ional
contour. Edge surface portions 19 are formed between the
uns tamped mérgins 16 of the wall member and the aforemention-
ed flat top surface and concave surface portions of the
wall member. |

Figure 2 is an isometric view of a portion of a
heat exchange channel element according Fo the present
invention., The heat exchange channel element 10 includes
two spaced-apart wall members 11 and 12 of thermally con-
ductive material bounding ; fluid flow channel 13.
A multiplicity of wall projection portions 17 are dis-
tributed across the wall member surface and extend from the

wall member surface with load-bearing end

- 16 -

by
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segments 18 at their extremities, whereby the

channel element may=bé supported'abuttingly against an

adjacent structural member by the load-bearing end sesgments

~ of the wall projection portioms.

The two spaced-apart wall members 11 and 12 of

" the Figure 2 channel element constitute side walls of the

' channel element. These .side walls are spaced apart by
"'edge walls comprising edge wall portions 14 and 15. 1In
'Empractice, the edge walls of the channel element may be

'Vfofmed separately from the side walls and joined to the

o latter as for example by braising or welding to form the

cémpleted channel element, however, it is more advantageous
in general to form upper and lower halves of the chammel

element from unitary sheets of material as shown more

‘ciearly in Figure 4, so that the upper half of the chamnel

element comprises (side) wall member 11, edge wall portion

14 and flahge-like margins, and with the lower half of the

' channel element being similarly formed. With such integral

side and edge wall construction, the upper and lower
charmel element halves may be joined to one another by
welding, braising, adhesive bonding or other suitable
joining wethod along the mating surfaces of the margins
16. /

The side walls and edge walls of the Figure 2

1]

a
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channel element may suitably have a thickness of between
about 0.003 and 0.25 inch. In the preferred practice of
the invention, wherein the side walls and edge walls are
formed of aluminum, as suitably employed in automobile
radiator applications, the walls desirably have a thickness
of between about 0.003 and 0.100 incb. |

As shown in Figure 2, the channel element is
formed in such manner that the wall projection portions
17 are provided in the form of ridges extending across
substantially the full width of the side wall 11, with the
wall member surface 20 between adjacent wall projection

portions being concavely curved. In such configuration,

the wall projection portions 17 extend elongately on the

wall member surface with the load-bearing segments 1B
thereof having major axes which are substantially perpen-
dicular to the longitudinal axis L-L of the channel element.
The load-bearing end segm;nts 18 of the wall projection
portions 17 intersect the edge wall portioms 14, 15

of the channel element at édge wall surfaces 19, which
preferably-are convexly contoured as shown in Figure 3

to decrease hydrodynamic drag and preséure drop when a
second heat exchange medium is flowed over the external
surfacé; of the channel element, from left to right as
shown in Figure 4, in heat exchange with a first heat
exchange medium fluwiﬁg through the channel element in-

terior flow channel 13.

The illustratively shown channel element in

n
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Figure 2 is a portion of a longitudinally extending

element having its unillustrated extremity formed in the

same manner as the extremity shown. Each extremity is

provided with an end section 9 having flat side wall

end §ortions—21. By such configuration, the channel

elements may be stacked in an array of such elements to

£

form a heat:exchanger core, with the side wall end
portions 21 of adjacent'channel elements mating abuttingly
with one another in a manner as shown more fully herein-
7after.

Figﬁre.3 shows a sectibnal, elevational view
of a portion ofrthe Figure .2 heat exchange channel
element along the longitudinal axis L-L. The features of
the ch;nnel element in Figure 3 are numbered correspond-
ingly with respect torFigure 2. As shown in Figure 3,
the upper and lower wall members 11 and 12 of the channel
element 10 aie similariy formed with 2 concavely contoﬁred
wall surface between adjacent wall projection portions and

with the upper and lower wall members 11 and 12 oriented

(87

with respect to oﬁe another so that the innermost point
on the wall suréace between adjacent wall projection 3
portions of one wall member is vertically aligned with a
load-bearing end segment of a wall projection portion of

the other wall member. Thus, for example, the innermost

point on the wall sﬁrface 20 of upper wall member 11 is
vertically aligned with the load-bearing end segment 18a

of lower wall member *12.
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Figure 3 shows the geometric and dimensional
characteristics of the channel element. As indicated
above, the wall surface between adjacent wall projection
portions in this embodiment is concavely curved; speci-
fically, the elevational contour of such wall surface is
concavely circular, i.e., the surface in elevation has
a uniform radius of curvature R1 between the load-bearing
end segments of adjacent wall projection portions. The
relative "depth" of the depression between adjacent wall
projection portions is measured with reference to the
base plane P of the wall member, which is a plane éontain-
ing the extremities of wall surface projections extending
outwardly from the wall member surface to a uniform extent,
In this embodiment of the invention, 21l wall projecricn
portions of the channel element extend outwardly from the
wall member surface to a uniform extent, and the load-
bearing end segments are f£lat and horizontally aligned as

shown, so that the locad-bearing end segments im this

embodiment lie fully in the base plane P of the wall member.

The remaining dimensional parameters in Figure 3
are measured by reference to the above~described base
plane of the wall member. The dimension H, which in the
Figure 3 embodiment provides a measure of the "depth" of
the concavely contoured surface between adjacent wall
projections, is the maximum height measured perpemndicularly
from the base plane P of the wzll member to the innérmost

point (i/e., the furthest point from the base plane) on

- 20 -

»
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the wail member surface between adjacentrwall surface
projections. The dimension dj is the length of the minor
axis of the wall projeéﬁion portion load~bearing end
segment measured in the base plane of the wall member. In
this embodiment the length of tﬁe load-bearing end segment
minor axis is simply thé measured lateral dimension of the

load-bearing end segment and this dimension is uniform

‘across the width of the channel element along which the

load-bearing end segment elongately extends. The
characteristic dimension of the load-bearing end

segment in the direction of elongation of the associate@
wall projection portion (not shown in Figure 3), as shown
more fully hereinafter, is the major axis of the load-

bearing end segment. The D dimension is the spacing

" between the respective points of intersection of major

and minor axzes of load-heéring end segments of adjacent
wall projection portions, as measured in the base plane
of the wall member. The minimum channel clearance for
the channel element is shown as dimension Cp.

éigure 4 is a sectional elevatiomal view of the
Figure 1 channel element taken in cross section at a
wall projection portion 17 of the upper wall member 1i1.

As shown, the channel element has an elongated cross

section bound by the two spaced-apart wall members 11 and 12

as side walls spaced apart by edge walls formed by edge
wall portions 14 and 15. The channel element disembodiment

is formed from corresponding upper and lower distinct

i
-

=

¥
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integral halves which are bonded together along the facing
surfaces of peripheral flange-like margins 16. The upper
and lower halves of the channel element may suitably be
prepared from sheet metal stock with the illustrated
surface configuration by conventional fabricating tech-
niques such as pressing, stamping, rolling or the like.
As indicated hereinabove, the upper and lower channel
element halves may be bonded at their margins by‘soldering,
braising, welding, adhesive bonding or other suitable
joining technigque., The surface 19 of edge wall portion
14 adjacent the wall projection 17 has an elevational
contour of convex slope. Alternatively, edge wall sur-
face 19 could be provided with a straight or concave
contour. Nonetheless, the convex contour shown is gen-
erally preferred im practice, inasmuch as it allows the
edge walls in the region of the wall prbjection portions
to accommodate higher internal pressures éhan can be
tolerated with linear or concave contours of the edge
wall su?face 19. Furthermore, the convex edge wall
surface 19.greatly reduces the frictional drag that would
otherwise be associated with a blunt edge wall,

Figures 5 and 6 are sectional, elevational
views of wall projection portions having elevational
contours such as have usefully been emploved in practice.
Figure 5 shows an elevational contour of the type shown
more generally in the Figuré 3 drawing, in which the

side walls of the projection 17 intersect the flat

- 22 -

L.
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load-bearing surface 18 at a sharp corner. Figure 5 shows
an alternative elevational contour in which the side walls
of the projection 17 intersect the flat loadeearing
surface 18 with a convex contour in the region of inter-

-

section. In both the Figure 5 and 6 embodiments, the

. channel element exterior surface between adjacent wall

supporting projections is a concave surface integral with 6

project curvature having a radius of curvature R, the

1
projection angle 8 shown in Figures 5 and § is the
included angle formed between a tangent to the wall

member surface at the point of intersection of the pro-
jection side wall with the load-bearing end segment of the
projection and a plane parallel to the base plane of the
channel element wall member. In the Figure § embodiment,
wherein the region of intersection between the projection
side wall and the flat load-bearing end segment of the
projection has a convex surface contour, the surface has

a radius of curvature R, , as shown in the drzwing.

With reference to Figures 5 and 6, and by way

forth below in Table 1 for channel elements having pro-

0.

jections as shown in Figures 5 and 6and otherwise
generally constructed in accordance with the channel

element showm in Figures 2 - 4.
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Table I
Dimensional Parameters for Heat Exchange Channel Elements

Having Wall Projection Elevational Contours of Figures
5 and 6

Figure 5 Figure 6
Dimension Elevational Elevational
Contour Contour .
Wall Projection Spacing, I !
D (in.) ’ 0.60 0.70

Maximum Depth of Concave Wall
Surface Relative to Wall Member .

Base Plane 0.055 0.068
Wall projection Minor Axis,

dy (in.) i 0.020 . 0.030
Projection Angle, 67 (degrees) {21.5 15.4
Minimum Channel Clearance, ! '

Cp. (in.) i 0.037 0.041
Contour Radius of Wall Member | 7
Surface Between Adjacent !

Projections, Ry (in.) 0.792 0.829
Projection Corner Radius,

RZ (in.) - 0.030

The foregoing dimensional vaiues in Table I
have been usefully employed in heat éxchangé channel
elements utilized to fabricate automotive radiator heat
exchangers. |

Figure 7 is a plan view of a portion of a heat_
exchange channel element shown in Figures 2 - &, showing
the dimensional and geometric characteristics of the
channel element in greater detail. The various structural

features of Figure 7 are numbered correspondingly with
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Those of Figures 2 - 4, As shown in Figure 7, the

wall projection portions 17 extend elongately on the

wall member surface with the load-~bearing segments thereof

having a major axis cf length d,, as measured in the base

23

plane of the channel element wall member along the

direction of elongation of the wallrprojection portion of
the channel element, The length of the major axis of

the wall projection 1oad-bearing end segment thus pro-
vides a measure of the extent of the wall support bearing
surface provided at the extremity of the wall préjection
portion, between the extremities of the load-bearing

end segment surface at opposite edges of the channel
e1e¢ent as shown in Figure 7 where the extremities of the
load-bearing end segment surface intersects the edge wall
surface portions 19. Likewise, the minor axis'dl is a
measure of the dimensional extent of éhe wall projection
load bearing surface along a direction transverse to the
direction of elongation of the wall projection (substan-
tially perpendicular to the channel element longitudinal
axis in'tﬁe embodiment of Figure 7). The major axis and
the ﬁinor axis of the wall projection load-bearing end |
segment are measured in the base plane of the wall
member. In embodiments of the invention such as are
shéwn’ in Figures 2 - 7, the wall projection load-bearing
end ségments of the channel element lie in the base

plane of the channel element wall member, so that the

major and minor axes of the load-bearing end segment are

0014481

T
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merely the length and Widéh dimensions of the end segment.

In accordance with the invention, the wall pro-
jection portions extend elongately on the wall member
surface of tﬁe channel element with the load-bearing
segments theresI having an aspect ratio (dzldl) of at
least 10. The reason for such minimum value of the aspect
ratio is to provide a sufﬁicient extent of elongation so
that the channel element wall member has sufficient rigidity
to accommodate high internal coolant pressure levels., As
a result, channel elements of fhe type shown in Figure 2-7
are able to be employed with significantly higher
internal coolant pressures than have been
achievable in thin-walled channel elements of the prior
art, including those of Kun U. S. Patent No, 3,757,856.
Such characteristic is particularly advantageous in
application of the channel element ?f the instant in-
vention to fabrication of automobile radiators, since in
such application increased coolant pressures serve to
increase the boiling temperature of the cooclant, thereby
Jermitting the radiaﬁér to accommodate higher engine
temperatures and to function with the saﬁe degree of
efficiency in 2 more compact radiator configuration.
In preferred practice, the aspect ratio dz/d1 is at
least 30.

As shown in Figures 2 - 7, the wall projection
portions of the channel element in accordance with the

present invention are oriented on the wall member surface
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with the major axes of the load-bearing end segments of
the wall projection portions aligned substantially para-
llel to one another. The distribution of wall projection
portions across the wall member surface of the channel
Velement is characﬁerized by dimension D, which equals the
spacing between the major axes of load-bearing end

segments of adjacent wall projection portioms, as measured

'perpendicularly to the major axes in the base plane of the

wall member. As indicated hereinearlier, the base

plane of the wall member is a plane containing the extrem-
ities of wall surface projections extending outwardly from
the wall member surface to az uniform extent. In the

broad practice of the invention, the wall projection
portions on the wall member surface éf the channel element
have a dimensional size and a dimensional relationship
therebetween defined by a D dimension of between about

0.2 and 3.0 in;h, a B/D ratio of between about 0,05 and
0.5, and a D/d; ratio of between about 1.52nd 50. The
;pper limit on the D dimension of 3.0 inch is imposed
because at spacings above such walue the heat exchange
area per cubic foot of heat exchange volume of the channel
element or stacked array of channel elements decreases
disproportionately and the ability of the channel element
wall member to accommedate increasing differential pressure
across the wall is undesirably reduced. The lower limit

on the D dimension about 0.2 inch dictated by pressure

drop considerations for the external heat exchange medium

w_ o
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flowed over the exterior surfaces of the channel element;
at spacing values of less than about 0.2 inch, the pressure
drop tends to become unduly large, so that the advantages
of the invention, of maintaining low external heat exchange
medium ptessure drop consistent with high heat transfer
performance, are increasingly difficult to achieve. H, the
maximum height measured perpendicularly from the base plane
of the wall member to thé innermost point on the wall
member surface between adjacent wall surface projections,
is related to the aforementioned D dimension by the con-
straint that the ratio H/D is between about 0.005 and 0.5.
The parametric range of values permissible for the H/D ratio
is associated with maximum and minimum values which are
based on considerations of the maximum and minimum allow-
able values for the D dimension, as discussed above, and
the maximum and minimum allowable values for the parameter
H. The maximum allowable value for.H in a given applica-
tion is determined by the requirement of achieving a
necessary minimm level of heat excﬁange_area per cubic foot
of heat exchange volume, as necessary fof efficienf heat
transfer. Similarly, the lower limit on H is imposed by
heat exchange surface ares ;onsiderations, however, in

this case the limit is dictated by the incremental cost
required in providing the contoured surface as compared
with the additional areaz provided by such contoured sur-
face when compared with an uncontoured planar wall member.

All of these various considerations are effectively
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accommodated by a H/D ratio of between about 0,05 and
0.5.

'Similarly, D/dj ratio of between about 1.5 and 50

is based on the various considerations for maximum and

- minimum values of D, as discussed above, and maximum and

‘minimum allowable values of dy. Depending upon the end

use of the channel element, the minor axis dimension on the
load-bearing surface of the wall projection portion, dl is

fixed by two competing considerations. As theAvalue'of‘ﬁl

" increases, the maximum allowable differential pressure

across the channel element wall member will increase,

while the available surface area of the channel wall element

‘for heat exchange will decrease. As a result, in any

application of tﬁe channel element of the invention, the
relative degree of importance of the heat exchange consider-
ations as opposed to strength considerations for the
channel element will set the upper limit on the wvalue of

di. The lower limit on the minor axis dimension of the
projection load-bearing segment is determined by manufactur-
ing toleréncés, by streéngth considerations, i.e., the need
to insure that the load which is concentrated at the load-
bearing surface does not produce stresses sufficient to

deform or rupture the walls of the channel element, and by

fabrication limitations associated with the material rthick-

" ness of the channel element wall member. These wvarious con-

" siderations may be effectively accommodated under D/dq

ratio of between about 1.5 and 50.
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To meet the specific heat exchange require-
ments for radlators of internal combustion engines, the
channel element is preferably formed with the following
geometric and dimensional characteristics: an H value
of between about 0.035 and 0.080 inch; a D value of be-
tween about 0.4 and 1.1 inch; and a d1 of between about
0.01 and 0.05 inch. For automotive radiators, the H/D
ratio is preferably between about 0.05 and 0.4, on the
basis of the previéusly discussed considerations applicable
to such parameter,

Referring again to Figures 5 and 6, the eleva-
tional contour of the wall member projection portioms
should be such as to meintzin = acceptable levels in both
the projection portions and the other portions of the-
channel wall. Preférably, tﬁe projection pértions should
have an elevational contour such that the ratio ©/R is
between about 4° and 2500° per inch, and most preferably
between about 4° and 100° per inch for a wall member where-
in the wall surface between adjacent projection portions'
has an elevational contour which is concavely circular,
i.e., the radius of curvature of the wall member surface-
between the load-bearing end segments of adjacent wall’
projections is constant. As discussed earlier herein,
€@ is the included angle between a tangent to the wall pro-
jection side wall at the point of intersection with the
load-bearing segment of the projection and a plaﬁe.para-

lellel to the base plane of the wall member. In terms of
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the aforementioned Q/Rl ratio, and as applicable to the

broad practice of the present inventionm, R1 is the minimum

radius of curvature of the wall projection side walls. The

minimum radius of curvature R, may be measured readily con-

| 1 ,
veniently by the well-known optical comparator. In general,
if 6 is relativelyrlcw, then Ry (the minimum radius of

curvature) can be relatively small. If the wall projection

angle & is large in value, then R, should also be relatively

1
large in magnitude. The upper limit on the G/R1 ratio of
2500°/inch is based on wall projection portions having a
truncated conical elevation contour, such as is shown in

Figure 10 - 12, described hereinafter in greater detail,

For a wall projection having a truncated conical elevational

.contbur, the magnitude of the projection angle & should not

exceed 35°., The lower limit. for G/R1 of 4°/inch is based
on a wail_projection having a2 concavely curved projection
side wall contour and a flat load-bearing end segment, with
minimum contour height H and the largest valué of spacing
D permitted based on structural stress considerztioms.

| Figure 8 shows an isometric view of a chanmnel
element according to another embodiment of the inventionm.
The channel element includes two spaced-apart wall
members 111 and 112 of thermally conductive material, e.g.,
aluminuam, bounding a f£luid flow channel 113 and having a
multiplicity of wall projection portions 117 distributed

across the wall member surface 120 and extending therefrom

with load-bearing end segment 118 at their extremities,

im
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The two spaced-apart wall members 111 at 112 constitute

side walls of the channel element which are spaced apart
by edge walls made up edge wall portions 114 and 115. A4s
shown, the channel element is fabricated from upper and
lower halves, with the upper half of the channel elemént
being stamped from a single piece of sheet metal,so tﬁat
the upper and lower side walls and their associated edge
wall portions are formed from a unitary sheet of material.
The channel element halves so formed are provided with
peripheral margins 116 which are not deformed and thus
permit mating and bonding of the upper and lower channel
element halves in the manner previously described in
connection with Figure 2 herein. The channel has a
first fluid entrance opening 131 at one end and a first
fluid exit opening 130 at the opposite end, with the end
sections 121a and 121b of the channel element being
characterized by flat side walls which form mating sur-
faces for stackingrcf a series of channel elements on top
of one another in an array to form a heét eichanger core
assembly, as descirbed hereinafter in g:eatei detail,
Figure 9 is a plan view of a portion of the
channel element 110 of Figure 8, showing the dimensional
characteristics thereof. As shown, each of the wall sur-
face projection portions 117, in contrast to the wall pro-
jection portions of the embodiment of Figures 2 - 7, do
not extend substantially across the full width of the

channel element, but rather only a portion of the width.

-« 32 -
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Wontheless, despite its reduced elongational extent rela-
tive to the wall projections of Figures 2 - 7, the pro-

of the channel element of Figures 8 - 5 are structurally
similar to those previously described herein, having a3
major axis dy which is at least 10, and preferably 30,
times the magnituderof the minor axis dl' As in previous
embodiments, the spacing between adjacent channel elements
is measured by dimension D, which equals the distance

between the major axes of load-bearing end segments of

- adjacent wall projection portions, as measured perpendic-

ularly to the major axes in the bas plane of the wall
member. Tﬁe wall projection portioms 117 in the figures
8 - 9 embodiment, as in the preceding embodiments, elong-
ately extend across the channel element in a direction
substantiallyVperpendicular to the channel element longi-
tudinal axis L - L.

Figure 10 is 2 plan view of a portion of another
channel element according to the invention, which differs
frcﬁ the embodiments previously described in that the
wall surfacé between adjacent wall projection portions 217
is substantially planar., The channel element 210 is pro-
vided with extremities compri;ing a planar channel element
end section 221 for mating and bonding adjacent channel
elements when the channel elem-nts are disposed in a
stacked array. & first fluid opening 230 is provided at
the tube end for introduction or egress of a first heat

exchange fluid into or out of the fluid flow channel
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bounded by the chanel element wall members. The channel
element may be formed from discrete upper andrloweg.
halves in the manner previously described, Wigh matiﬁg
and bonding of the respective halves to one another along
peripheral margins 216. The surface of the channel
element wall member 220 is planar and a multiplicity of
wall projection portions 217 are distributed across the
wall member surface, extending therefrom with load-
bearing end segments 218 at their exéremities.

Figure 11 is an isometric view of a portién
of the heat channel element of Figure 10, showing the
details of the wall member projection portioﬁ thereof.
The channel element includég two spaced-apart wall
members 220 as side walls spaced aparf from one another
by edge 214 and 215 so that the side and edge wall
members together bound and enclose a fiuid flow chﬁnnel
213, whereby a first heat transfer fluid mwedium =may be
flowed through the interiar_channel 213 in heat exchange
with a second heat transfer mediuﬁfflowed over the
exterior surfaces of the channel element. ©n the
exterior surface of the channel element wall member
220 is disposed z multiplicity of wall pfojeccicn
portions 217 having flat load-beafing surface 218 at
their extremities. The channel element shown in |
Figure 11 differs from those of Figure 2 - 9 in that
the former has a wall surface between adjacent pro-

jections which is planar and not continuouslycurved as

- 34 -
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in the preceding described embodiments, The wall projection

portions in the Figure 12 embodiment may be formed from the
wall members as by stamping, pressing, rolling and the
liké, as in the case of the preceding described embodiments,

or, altérnatively, the wall projection portions may be

provided as separate and distinct structural elements

(L]

member surface of the channel elements. The provision of

the wall member 220 as a separate and distinct structural

' part of the channel element from the wall projection

'portioﬁ 217 permits'the fabrication of the channel

element to be potentially simplified, inasmuch as no

stamping, rolling or other forming step is necessary for

the side wall surface. Thus, for example the channel

element could be fabricated from a flattened tube by
soddering, braizing, or oéherwise joining the projection
portion'217 to the exterior wall member surface 220, with
the ﬁall projection portion being machined, cast or _
6thefwise éonstructed by any suitable forming method.

| figﬁre 12 is an elewvational view of a stacked e
array of two channel elements of the type shown in

Figures 10 and 11, showing the abutment and mating of

'tﬁe load-bearing segments of wall projections portioms of

adjacent channel elements in the array. The channel
elements 210 and 210z are each provided with a multipli-
city of wall projection portions 217 distributed across

tﬁeir wall surfaces, Each wall projection portion 217
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is provided with a flat load-bearing surface 218 at its
extremity, so that the projection portions have a trun-
cated conical elevational contour characterized by a
wail projection angle 8 of preferably less than 35° and
a ratio G/Rl suitably having a value of between 4° and
2500° per inch, as discussed earlier herein. 1In this
embodiment, the minimum radius of curvature of the wall
projection, Ry, is measured in the region of the inter-
section of the projection side wall and the flat surface
220 of the channel element wall member,

In the Figure 12 stacked array of channel
elements, each channel element is structurally identical
with the wall projection portions of the topside ant
bottomside of the channel element being vertically aligned.
In this array, the load-bearing end segments of wall
projection portions of the channel element'aré shaped and
arranged for mating with and abutting against load-bearing
end . segments of the projection portions of the adjacent
channel element side wall, so that the wall surfaée
portions bétween the projection portions thereby form
spaces between adjacent channel through which a second
fluid may be flowed in heat exchange with first fluid
passed through the interior channel of the respective
channel elements.

In contrast to the Figure 12 stacked array,
Figure 13 shows an array wherein the channel elements are

formed with their upper and lower wall projections

- 36 -
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staggered with respect to another, Apsart from such
difference, the channel elements in Figurel3 are gener-
ally similar in construction to the channel elements

employed in the array of Figure 12, the choice alternative

Figure 12 and Figure 13 array configurations being a

matter of choice to the heat exchanger designer in a given

application.

o

Figure 13 is aﬁ isometric view of a ch;nnel
element according to the present invention, formed in 2
manner similar to that shown and described in connection with
Figures 2 - 7, bﬁt with a secondary surface f£in at one
edge,theréof. Corresponding features of the Figure 14
channel element are numbered correspondingly with res:ect
to Figures 2 - 7, but with the respective reference n:.nbers
in Figuré 14 being numbered with respect to the Figuris 2 -

4 drawings by addition of 200 to the corresponding

~ reference number in Figures 2 - 4. The numbering of

Figure 14 is also common to Figures 15and 16, as heruin-
after described. The secondary surface fins shown in
Figures 14~ 16 are of a type as described in Kum U. S.
Patent No, 3,810,509 and also disclosed and claimed in
RKun U. S. Patent Nc; 3,845,314. In all three embodimecs ]
of Figures 14 - 16, thé secondary surface fin members ire
joined to the primary surface channel element at the

edge wall margins 316 and, in practice, it may be des: --

able to form the channel member with the secondary surface

fin member integral with one or the other of the halve;

o
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of the channel element.

In the Figure 14 embodiment, a single fin member
350 is joined to the channel element at one edge thereof
along margin 316. The fin is, consistent with the teach-
ings of the above-mentioned Kun patents, suitably pro-
vided with slots or louvers 351 along substantially the
entire 'length of the fin. The channel element shown in
Figure 15 represents a modification of thg Figure 14
channel element wherein the latter is provided with an
additional fin 352 having louvered surface distortions 353
distributed across its surface along the length thereof,
the additional fin being'provided on the opposite edge
wall from the first £in 350. 1In the Figure 16 embodiment,
the chammel element is provided with dual fins 354 and
356 at its opposite edges, the fins having surface dis-
tortions 355 and 357 in the form of louvered slots of the
type described previously in connection with Figu:es 14 and
15. In Figures 14 - 16, the end section of each channel
element is finless, so that when the channel elements are
stacked in array to forﬁ a heat exchanger core assembly,
they can be easily headered in the heat exchanger final
assembly by prior art headering means. The fins in the
Figures 14 - 16 embodiments can be separately attached to
the longitudinal edge of the channel element, as.for
example by welding or braizing, but, as mentioned, the

fins are preferably integral with the edge walls of the

channel elements. Such integral construction greatly

- 38 -
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improves the heat transfer performance of the fins.

Figure 17 1is an elevational view of a portion of
a stacked array of heat exchange channel elements of the
type shown in Figures 2 - 7., The stacked array 400 is
madé up of heat exchange channel elements 110 to form a
heat ekchanger core assembly. The channel elements in
the Figure 17 array are longitudinally aligned in parallel
spaceﬁ rélation, i.e., to provide Spaces between adjacent

channels through which second fluid méy be flowed in heat

" excha. ;e with a first fluid being conducted through the
channel interior passages. Each channel element has a

first fluid entrance opening at one end and a first

fluid exit opening at the opposite end, as previousliy
described. The channel elements 410 in the array have
wall projection portions 417 having load-bearing end
segments which are shaped and arranged for mating with
and abutting against load-bearing end segments cof the
pfojection portions of an adjacent channel element side
wall, with the abutting load-bearing surfaces of the
channel element facing projections being adhesively bond-
ed to one another by bonding medium 402. Such bonding of
the mating and abutting load-bearing surfaces of the
channel element wall projections is not essential in the
practice of the invention, and in some instances it is
preferable to mate an abut the opposed wall projection
eﬁd-segments against one another without any interposed

bonding medium. The end sections 421 of the channel

&

{0
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element in the stacked array are of enlarged cross section
relative to the intermediate sections of the channel
elements and, as previously described, are provided with
flat side wall portions which permit mating of adjacent
channel elements in the manner shown. In practice, it is
generally desirable to adhesively bond the channel element
in section flat side wall portions to one another by
adhesive bonding medium 401, so as to insure leak tightness
of the associated inlet or outlet face of the stacked array
at the extremities of the tubes, i.e., so that the first
fluid introduced to or withdrawn from the channel element
at its extremity does not leak out of the heat exchanger
between adjacent channel element end sectiomn. The bonding

media 401 and 402 may suitably comprise an epoxy or other

conventional adhesive material.

Figure 18 is a medification of the form of
channel element stacked array shown in Figure 17. 1In the
Figure 18 array, the mnlti%le channel elements 410 are
disposed in the stacked array 400 with secondary surface
plate-like ;embers 403 being disposed between adjacent
channel elements with the load-bearing end segments 418
of the wall projection portions 417 of the channel elements
being shaped and arranéed for mating with and abutting
against the secondary surface members, whereby the secondary

surface members are maintained in thermal contact with the

channel elements along the abutting load-bearing end

- 40 -
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segments thereof. The secondary surface plate-like member

403 may be anchored in the stacked channel element assembly

- by bonding same between the end section facing side walls
- of the channel element end sections 421 as shown, with the

. extremity of the plate-like member being embedded in the

adhesive mass 401 bonding the adjacent channel elements
sections; In this embodiment, the secondary surface plate-
like member is then held in place compressively along the
‘intermediate section of the channel element by the
frictional compressive contact of the channel element wall
projection end segment against the plate-like member. As
shown in Figure ié, the secondary surface members may
=ritably be substantially planar.

Figure 19 is an elevational view of a stacked
array of channel elements according to another embodiment
of the invention, wherein each channel element is char-

acterized by an alternmating series of projections having

~different heights. The portion of the array shown com-

prises.portions of channel elements 50 and 51, the former
having alternating wall projections 52 of greater height
and an alternating series of wall projections 54 of lesser

height. The taller projections 52 of channel element 50

‘mate and abut at thelr extremities with shorter wall

projection portions 53 of channel element 51.. Correspond-
ingly, shorter wall projections 54 of channel element 50
mate and abut at their load-bearing extremities with

taller wall projections 55 of channel element 51. 1In this

m
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manner, the sequential projections of varying height mate
abuttingly with complimentary projections of the adjacent
channel element so that the channel elements are oriented
parallelly with respect to one another, i.e., so that their
lnngitudina% axes are parallel with respect to one another,
The load-bearing extremities of all of the wall projections
are flat and parallel to the channel element wall surface
between adjacent wall prbjections.

As to characterization of the channel elements
in the Figure 19 stacked array, it is seen that each
channel;elementhas associated therewith two base planes,
base plane Py associated with the shorter wall projections
of the channel element and base plane P2 associated with
tﬁe taller wall projections of the channel element. A4s
defined hereinearlier the base plane of the channel element
wall member is a p}ane containing the extremities of wall
surface projections extending outwardly‘from the wall
megber surface to a uniform extent. As a result of the
fact that two channel elements are associated with the
channel element, the channel element likewise is char-
acterized by two values of the H parameter, the maximum
height measured perpendicﬁlarly from the base plane of the
wall member to the innermost point on the wzall member

surface between adjacent wall surface projections. Thus,

‘the H value associated with base plane P1 is H, and the

1
H value associated with base plane P2 is Ho- Despite the

fict that each channel element thereby is characterizable

- 42 -
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- by two discrete values of the H parameter, each value

must satisfy the dimensional criteriz of the invention,
e.g., the H/D ratio must be between about 0.05 and 0.5.
It will be apparent that the D spacing parameter will
have the same numerical value as measured in either base
plane associated with adjacent wall projections of
different height, when the major axes of the wall pro-
jections under consideration are projected into the given
base élane. |
10 o Figure 20 is an elevational view of two aligned

channel elements 60 and 61 adapted for mating with one

' -another along thé surfaces of their load-bearing end

~ segments. As showr, :ﬁsnnel element 60 has disposed on
its upper wall member surface wall projections 65 having a
male load-bearing end segment 72 with a minor axis of
length Dl’ as measured by the projected length of such
minor axis in base plane Pl containing the extremities of

 the wall surface projection on the upper wall surface of -
the channel element.,  On the lower wall member surface of

20 ‘ channel elément 60 are dispésed wall projection portions

66 having female load-bearing surfaces 71 at their ex-
tremities, with the outermost extrémities of the wall
projection portions lying ip base plane PZ' As shown by
the Figure 20 embodiment, the H dimension on the upper
surface of the channel element, H_ , may be different from

that associated with the lower wall surface, H The

l.

channel element 61 in the Figure 20 array is similarly
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provided with wall projection portion 67 on its upper
surface having male load-bearing end segements 69 and
wall projection portion 68 on its lower wall member with
female load-bearing segments at their extremities. 1In this
manner, the adjacent channel element 60 and 61 may be
mated with one another so that the male and female'load-
bearing surfaces 69 and 71 of associated wall projections
67 and 66 interfit with an abut against one another.
Figure 21 is an isometric view of a portion of a
heat exchange channel element according to another embodi-
ment of the invention, having two distinet alternative
configurations disposed on its upper wall member surface.
The channel element 74 includes two spaced apart members
78 and 79 of thermally conductive material bounding a
fluid flow channel 77 and having the wall section portioms
80 and 82 disposed on its wall member surface 75 and ex-
tending therefrom with load-bearing end segmenﬁs 81 and 83
respectively at their extremities, whereby a channel
element may ge supported abuttingly against an adjacent
structurallhembervby the load-bearing end segments of the
wall projection portidns. The wall members 78 and 79
constitute side walls of the channel element spaced épart
by edge walls 76. Each of the wall projection portions
80 and-82 extend elongately on the wall member surface 75
across the width of the chamnnel element along a direct
suﬁstantially perpendicular to the longitudinal axis I-L

of the channel element.
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The load-bearing end segments of the wall
projection portions shown in Figure 21 differ from those
previously described in that the load-bearing surface as
a continuously varying elevation along the major axis

direction of the wall projection, the first wall projection

£

80 having a load-bearing surface Sl which is undulate
in elevational contour along the major axis direction,
while thé.second ﬁall projection 82 has a load-bearing
surface 83 is of saw-tooth form élong the major axis
direction of the projection. Where the elevational contour
of the wall projection load-bearing end segment is not
flat and wholly within the base plane of the wall member,
the length dZ of the major axis of the wall projection
portion load-bearing end segment is measured as the pro-
jected length of the major axis in the base plane of the
wall member, in the same manner that the non-linear
elevational contour of the load-~bearing end segment in the
minor axis dimension is measured-as the projected length -
of the m;par axis, or, more sﬁmply;'as the projected
width of the load-bearing surface in the base plane of the
channel element, as shown in Figure 20, . =
Figure 22 is an elevational view of a stacked
array of heat exchange channel elements according to
another embodiment of the invention., As shown, the
stacked array 450 comprises stacke@ channel elements
456, 457 and 458, Each channel element includes spaced-

apart wall members comprising upper wall member 451

- R -



10

20

0014481
-yb-

and lower wall member 452, each formed in accordance
with the invention having ridge wall projection portions
453 extending elongately across the ;hannel element sub-
stantially from edge to edge theréof. Each ridge pro-
jection has & ioad-bearing segment 454 at its extremity,
with adjacent ridge projections being spaced apart from
one anothér by intérposed concave surface portions 455.
In this manner, the channel elements are '"nested" with
the ridge projection load-bearing segments 454 bearing
against the crest of the concave surface portion 455 of
an adjacent channel element. Such an arrangement permits

very close stacking of the constituent channel elements
and thereby provides a highly compact heat exchanger

assembly,

Figure 23 is an isometric view of a portion of a
stacked array of heat exchange channél elements according
to the invention, as intérleaﬁed with secondary surface
plate-like members to form a heat exchanger cofe aésembly.
The heat exchanger core assembly 500 compriées a multi-
plicity of channel elements 510 of a type similar to that

shown in Figure 15. The structual features of the primary

—

-

- —
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surface of the channel element is numbered correspondingly

with respect to Figure 2 by addition of 500 to the

- corresponding reference numerals of Figure 2, The second-

ary surface fins of the channel elements are numbered

- .correspondingly with respect to Figure 15 by addition of

200 to the corresponding reference numerals for the

secondary surface fins in Figure 15. In the stacked

" array, a multiplicity of channel elements are disposed

with secondary surface plate-like members 503 being dis-
posed between adjacent channel elements with the load-
bearing end segments of the wall projection portions of
the channel elements being shaped and arranged for mating
with and abutting against the secondary surfzce members,
whereby the secondary surface members are maintained in
thermal contact with the channel elements along the
abutting load-bearing end segments thereof. The secondary
surface plate-like members in this embodiment have a
wmultiplicity of surféce distortions 560 disiributed

across portions of their surfaces which are not in abutting
contact wiéh channel element load-bearing segments., More

specifically, these plate-like member distortions com-

s

prise parallel slats and slotted spertures arranged in
a louvered configuration across the width of the secondary
surface member.

Figure 24 is a plan view of another secondary
surface plate-like member, such as may alternatively be

employed in the Figure 23 stacked array of heat exchange

- A7 a
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channel elements. The plate-like member shown in
Figure 24 has been found particularly useful in the
practice of the invention wherein the heat exchange
channel elements are employed to form a radiator heat
exchanger for automotive vehicles., 1In this plate~-like
member configuration, the surface 606 of the plate
member 603 alternatively punched in opposite directions
perpendicular to the plane of the plate so that rect-
angular strips of metal are displaced therefrom to form
successive depressed portions 604 and raised portions
605.

Figure 25 is sectional, elevational view of the
plate-like member of Figure 24, taken alohg line A-A
thereof. As shown in Figure 25, the raised portion 605
and depressed portions 604 are punched inrsuch manner
that respective portions are parallelly aligded in
elevational view with the undeformed surface 666 of the
plate member 603. This form of surface distortions of
the plate-like secondary Surface member permits highly
efficient heat transfer along the gas flow path traversing
the plate member in the direction shown in Figure 23.

Figure 26 is an eievation view of a wind
tunnel for testing performance of heat exchangers,. which
was employed to evaluate automcbile radiator exchangers
constructed according to the present invention compéré-
tively against fadiator heat exchangers of the prior art,

with results as hereinafter described in greater detail,
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The wind tunnel of Figure 26 is used to regulate the

rate and temperature of an air flow through the passages

formed between adjacent heat exchange channel elements

in the radiator heat exchanger being tested. Air enter-

ing the tunnel was first passed through a calibrated

orifice 760, whichmeasures the air volume flow into a

four cubic foot plenum chamber 761, and then fed through

flow straightening screens 762 into a tapered adapter

sections 763. The adapter section 763 was provided to

effect a smooth transition in the air flow between the

plenum chamber 762 and a one square foot wind tunnel

duct 764 coupled to a test radiator 765. A blower (not

shown) was positioned downstream of the radiator for

controlling the zir flow therethrough. The heated air

from radiator 765 was either exhausted via damper 766

or recirculated into the test room via damper 767 so

as to provide a degree of temperature control within

the room. To reduce the air flow rate through the

exiting air flow radiator 76

- radiator, control damper 768 was coupled downstream of

5. The tapered adapter

section 763 and the flow straightening screens 762 are

[

employed to keep velocity variation through the test

radiator 765 at 3 minimum.,

tube readings made over the f

Velocity profiles and pitot

rontal area of different

test radiators 765 indicated that the air velocity

variations for all the radia

stantial., One

tors tested was insub-
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manometer 770 was positioned as shown in the test
circuit and employed tb measure air pressure drop. Two
grids, 772 and 773, containing four thermocouples, each
of which was placed in the center of one-quarter of the
flow passage area of the radiator 765, measured the aver-
age inlet and exit air temperature through the test
radiators765. A Brown mqltipoint chart recorder (not
shown) and a Rubicon potentiometer (not shown) were
coupled to the grids and recorded the thermocouple
heatings. Thus, an accurate test circuit was provided -
for measuring the heat transfer capacity of the test
radiators. As indicated above, test results based on
evaluation of heat exchangers constructed in accordance
with the present invention and'heat exchangers constructe
ed with the prior art, as derived from evaluation of the
various test heat exchangers in the wind tunnel apparatus
of Figure 24 are presented and discussed in detail here-
inafter.

Figure 27 is an exploded assembly drawing of
a portion of a heat exchanger according to the inventionm,
comprising a stacked arraj of heat exchange channel
elements of the type shown in Figure 15. As shown, the
heat exchanger assembly comprises a stacked array 850 of
heat exchange channel elements 851. Each channel element
has a longitudinal axis and is bounded by thermally
conducfive pressure withholding walls, with a first fluid

entrance opening at one end, a first fluid exit opening
i

r
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at the opposite end, and end sections each having a cross-

H

section bounded by f£lat side walls and by edge walls
comprising edge wall portions extending outwardly from the

side walls and convergently with respect to each other,

with the outermost ends of the edge wall portions being s

contiguous and coextensive with respect to one another to

k)

form a leak-tight edge wall, Adjacent channel elements in
the array are stacked with their end section side walls
in wall to wall contacting relationship and their end
section edge walls in alignment td form a first fluid
entrance face at one end of the array and a first fluid
exit face at the opposite end of the array; Eaéh face
has a perimeter defined by edge wall ends 854 of the
stacked channel elements and outermost side wall ends 855
of the outermost channel elements 852 and 853 in the
array. The pressure withholding walls of adjacent channel
elements in the interior of the array are disposed in
spaced relationship with respect to each other for flow
-of a second fluid through the array -in the space between

the channel elements in heat exchange with the first fluid.

oo,

The heat exchanger ‘assembly shown in Figure 25 is of the
cross~-flow type and is constructed and arranged for flow

of the second £luid through the array in a tirection

- normal to the longitudinal asis of the chanrel elements.

The channel elements are disposed in the sticked array
with their longitudinal axes lying in a comuon plane,

In the preferred practice of the present invantion, in
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order to achieve a highly compact exchanger configuration

with a high level of heat transfer capability per umit
volume of the exchanger, the stacked array contains at
least 40 chamnel elements per foot width thereof, with
the width of the stacked array being measured in the afore-
mentiohed common plane in a direction perpendicular to the
channel element longitudinal axes., Inlet header means are
joined in flow communication with the first fluid entrance
face for introduction of first fluid to the channel elements,
and an outlet header is joined in flow commihcation with
the first fluid exit face for withdrawal of the firét fluid
from the channel elements. The channel elements 853 are
provided with sacondary surface fins 856 having louvered
surface distortions 857 thereon.

The headering arrangement in the Figure 27

assembly includes sealing members 858 extending along the

end sectién edge walls of the channel elements at each ~
side of the stacked array. Each sealing member has a
bearing surface with a generally eoirugated contour of
grooves 859 énd interposed ridges 860 with each of the
grooves shaped sc as to surround and abut the edge wall
of a single channel element of the array with the inter-
posed ri%ges extending inwardly and abutting the facing
edge wall portions of adjacent channel élements. The
bearing surface of eacﬁ sealing member is bonded to ther

abutted channel element 2dge walls associated therewith,
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and suitably has a length as measured parallel to the

channel element longitudinal axes of at least 0.2 inch
which is substantially greater than the thickmess of the
sealing member as measured perpeandicular to the channel ele-
ment loﬁgitudinal axes at a lower extremity of the grooves

in the bearing surface thereof.

In this headaring arrangement, clip members
869 are provided havigg a transversely extending firét
segment 870a leak-tightly abutting the outer end. 858a of
‘the sealing member 858, a2 longitudinally extending second
segment 870b integrally joined to the transversely extend-
ing first segment and adhesively bonded o zn exterior
surface of the sealing member, and a third end segment
871integrally joined to the longitudinally extending
second segment 870b. The header tank means in Figure 27
,comprise a header tank member 874 having enclosure end
wall 877 and side wall875,876 portions and a transversely
outwardly extending flange portion%80 at an end of each
side wall portion. The header tank member is provided
with conduit 881 for first f£luid introduction to or dis-
charge from the heaé_exchanger_assembly. Wnen header
tank member 874and clip member 869 are disposed in
position as assembled, the third end segmentB?lfof the
clip member is deformed contiguously arocund the trans-
-versely outwardly extending flange portion 880 of the

header tank member to secure the header tank member in

position.

(A

g

o
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The heat exchanger assembly of Figure 27

features a tie bar structural support member 866 which

is disposed against the side wall of the outermost channel
element 858 in the stacked array, to absorb the outwardly
directed pressure exerted by the stacked array in opera-
tion. The tie bar 866 is structurally coupled with angle
bracemember 861 in the heat exchanger assembly. As shown,
angle brace member 861 comprises a longitudinally extending
portion 862 and a transvérsely extending portion 864. Each
of the clip members 869 has a transversely extending tab
872 which 1s positioned on the top surface of the
transverse.portion 864 of angle brace 861. Tie bar 866 is
positioned beneath angle brace member 861, with the flange
portion 867 of the tie bar abutting the-underside of the
transverse portion 864 of the angle brace member. The
header tank member 874 is then positioned so that the
flange portion 880 thereof is disposed against the trans-
verse tabs 872 of the respective clip members 869. 1In
this fashion, the apertures 879 in'the flange portioﬁ

880 of the header tank member are brought into register
with the apertures 873 in the transverse tabs of the clip
members 869, apertures 865 in the transverse portion 864

of the angle brace member 861 and apertures 868 in the

'flange portion 867 of tie bar 866, so that bolt or screw

means may be inserted through the aligned apertures so
as to secure the assembly together. 1In this- manner,

apertures 879 in side wall 876 of the header tank member

- 54 =
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874 are brought into alignment with apertures 863 in the

izngitudinally extending portion 862 of the angle brace

" member 861, so that screw or bolt means can be passed

through the aligned apertures for additional securement of
the assembly,
Figure 28 is a sectional plan view of a portion

of the‘Figufe 27 heat exchanger assembly, showing the

details of construction thereof. Channel elements 851 in

the array 850 are stacked with their end section side walis
890, 891 in wall to wall conﬁacting relationship adhesively
bonded together by adhesive 893 such as epéxy. The

channel element and sectiohs each have a cross-section
bonded by flat side walls and by edge walls 854 comprising
edge wall portions 854a, 854b extending outwardly from the
side walls and convergéntl§ with respect to each other,
with the outermost ends 895 of the edge wall portioﬁs being
contiguous and coextensive with respect to one énother to
form a leak-tight edge wall. In this manner, a first fluid
face is‘formed at an end of the arra§Jrhaving a perimeter
defined,by‘edge wall ends of the stacked channel elements
and outmost side wall ends 892 of the outermost channel

element 853 in the array. The serpentine~shaped sealing

- member 858 extends along the end section edge walls of the

channel element at a side of the stacked array. The
sealing member 858 has a bearing surface with a generally

corrugated contour of grooves 859 and interposted ridges

860 shaped so that the grooves surround and abut the edge

-~
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wall of a single channel element of the array with the
interposed ridges extending inwardly and abutting the
facing edge wall portions of adjacent channel elements.

The bearing surface of the sealing member 858 is bonded

to the abutted channel element edge walls associated there-
with by means of adhesive medium 897. The exterior sur-
face of the sealing member 858 is adhesively bonded to the
longitudinally extending second segment 870b of the clip
member 869 by means of adhesive medium 898. The side wall
of the outermost channel element 853 in the stacked array
is adhesively bonded to tie bar 866. As shown, the third
end segment 871 of the clip member 869 is deformed contigu-
ously around the tramsversely outwardly extending flange
portion 880 of the header tank member to secure the header
tank member in position.

Figure 29 is a sectional elevational view of. a
portion of the heat exchangér assembly of Figure 27. 1In
the portion of the assembly as shown, the channel element
900 has an end section 901 and edgé wall portions 902 having
outer ends 903 which form a leak-tight edge wall, The
channel element features a secondary surface f£fin 904 with
slatted, louver-type surface distortions 905 thereon. The
header tank member 874 has a transversely outwardly extend-~
ing flange portion &80 at an end of the side wall portion
875. The sealing member 858 has bearing surface with a
generally corrugated contour of grooves 859 and interposed

ridges 860,.with each of the grooves shaped so as to

- 56 =
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surround and abut the edge wall of a single channel ele-
ment of the array with the interposed ridges extending
inwardly and abutting the facing edge wall portions of
adjacent channel elements. The bearing surface of the
sealing member 858 is bonded to the abutted channel ele-
ment edge walls associated therewith by adhesive bonding
medium 910. Sealing element 858 suitably has a length as
measured parallel to the channel element longitudinal axis
of at least 0.2 inch which is substantially greater than the
thickness t of the sealing member as measured perpendicular
to the channel element longitudinal axis at a lower ex-
tremity of the grooves in the bearing surface thereof. The
héadering arrangement comprises clip member 869 having =
transversely extending first segment 870 leak-tightly abutt-
ing the outer end 858z of the sealing member 858, a longitud-
inally extending second segment QQG integrally joined to the
traqsve&éeiy extending first segment 870 and adhesively
bonded. to an exterior surface of the sealing member by ad-
hesive tonding medium 909, and a third end segment 871
integrally joined to the longitudinally exteéding second
segment 906 and deformed contiguously arround the tramsversely
outwardly extending flange portion 880 of the header tank
member 874 to secure the header tank member in positionm.

As shown, the clip member second segment 906 is also ad-
hesively bonded to the header tank member enclosure side
wall portion 875 by adhesive 908 to further secure the

header tank member in position.

- 57 -
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Figure 30 is an isometric view of a portion of
a2 heat exchanger assembly employing another type of head-
ering arrangement which may suitably be employed in a heat
exchanger according to the present invention. In the
portion of the assembly as shown, the heat exchanger core
799 comprises a stacked array of channel elements 800 each
having edge wall portions. 802 which form a leak-tight edge
wall, The header tank member 874 has a transversely out-
wardly extending flange portion 880 at an end of the side
wall portion 875. The sealing member 858 has a bearing
surface with a generally corrugated contour of grooves 859
and interposed ridges 860, with each of the grooves shaped
so &s to surrc= =nd abut the edge wall of a single channel
element of the array with the interposed ridges extending
inwardly and abutting the facing edge wall portions of
adjacent channel elements. The bearing surface of the
sealing member 858 is suitably bonded to the abutted
channel element edge walls associated therewith by an
adhesive bonding medium as described hereinabove in connec-
tion with Figure 29. Sealing element 858 freferably_has a
length as wmeasured parallel to the channel element longi-
tudinal axisof at least 0,2 inch which is substantial;y
greater than the thickness of the sealing member as measur-
ed perpendicular to the channel element longitudinal axis at
a lower extremity of the grooves in the hearing surface
therecf. The headering arrangeﬁent comprises clip member

869 having a transversely extending first segment 870

- 8RR -



10

20

0014481
—59-

leak-tightly abutting the outer end 858a of the sealing
member 858, a longitudinally extending seéond segment 806
integrally joined to the transversely extending first
segment 870 which may be adhesively bonded to an exterior
surface of the sealing member 858 bv any suitable adhesive
bonding medium, and a third end segment 871 integrally join-
ed to the longitudinally extending second segment 806 and
deformed contiguously around the transversely outwardly
extending flange portion 880 of the header tank member 874 to
secure the header tank member in position. As shown, é
gasket 890 is positioned in a groove in the side wall 875

of the header tank mewmber 874 such that the gasket bears
compressively against the upper surface of the clip member
first segment 870 to form a leak-tight seal between the

heat exchanger core assembly and the header tank member

874. 1In practice, the gasket may be formed of any suitable
material as for example Buna-N or neoprene having a
durometer value of 60 to 80.

The heat exchange channel element of this invention
as incorpotéted in automobile radiator éxchangers has been
extensively tested relative to the prior art stacked
channel element heat exchangers disclosed in Kun U. S.
Patent No., 3,757,856; Kun U. S. Patent No. 3,810,509; and
Kun U. S. fatent No. 3,845,814, Such testing has amply
proven the superiority of the channel element and heat ex-
changer fabricated therefrom according to the present

invention relative to the channel elements and heat

- 59 -
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exchangers of the aforementiomed Kun patents, as shown °
in the ensuing discussion.

Figure 31 is a graph of convective heat transfer
effectiveness factor plotted as a function of Reynoid's
number, for various heat exchanger embodiments of the
present invention and for a heat exchanger constructed in
accordance with Kun U. S. Patent No. 3,810,509. The data
from which the curve shown in Figure 31 were plotted were
generated with radiator heat exchanger test samples, as
hereinafter described, in the wind tunnel test apparatus
shown in Figure 26 and described hereinabove., In 2
typical test in the wind tunnel apparatus, the inlet air
velocity was maintained at 90°F with a 100°F tempersture
difference between the inlet air and the temperéture of
the coolant fluid introduced into the radiator at the
inlet face of the heat exchanger core assembly. The
coolant fluid circulated through the interior passages of
channel elements in the radiator samples dufing the tests
was a mixture of 457 ethylene glycol in water; this
coolant was circulated through the radiator samples at
the rate of 14.5 gallons per minute per foot width of the
radiator, the width of the radiator being measured in a
plane containing the longitudinal axes of the stacked
channel elements, in a direction perpendicular to the
channel element longitudinal axes.

Curve A of Figure 31 is based on data for a

radiator sample constructed in accordance with the prior

- 60 -
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art. Each channel element in the radiator sample was
fabricated from 0.008 inch thick aluminum in the manner
taught in Kun U. S. Patent No. 3,810,509. Each channel
element was 1.112 inches wide and the primary surface

wall member was provided with eliptical shaped wall-

w

supporting projection portions having an effective diameter,
d as defined in the Kun patent of 0,137 inch. The wall-
supporting projection portions were provided in a triangu-
lar array with an effective spacing D of 0.48 inch between
adjacent projections. Each wall-supporting projection
portion of the channel element wall member had a height H
of 0.043 inch. Secondary surface fins were provided fore
and aft on the edge walls of the channel elements, each

. fin having a fin angle Y of 30°, a slot angle « of
90° and a slat angie 8 of 45°, all as defined in the
Kun patent. Each secondary surface fin was 0.389 inch
wide with an individual slat dimension for the louvered
surface distortions on the f£in of 0.035 inch by 0.327

inch. The radiator heat exchanger censtructed from the

om

above-described channel .elements had a density of 100

channel elements per foot width of the heat exchanger,

[ o

with the width of the stécked array being measured in a
common plane containing the channel element longitudinal
axes, in a direction perpendicular to the channel element
longitudinal axes.

The ordinant of the Figure 31 draft is the

dimensionless ratio of the Colburn factor j to the
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Fanning friction factor f£. This ratio is a convective
heat transfer effectiveness factor, with a wvalue of

0.5 being the theoretical maximum value. The abscissa
of the draft is the Reynold's number, with the Reynold's
number being based on the flow of air through the radia-
tor heat exchanger interchannel spaces in a direction
normal to the aforementioned common plane containing the
longitudinal axes of the stacked channel elements in the
radiator's core assembly. As shown by curve A in Figure
29, a radiator fabricated from primary surface heat
exchange channel elements, as described hereinabove,
which is typical of the teachings of the aforementioned
Kun patent, has a j/f value of about 0.225 at a Reynold's
number of 600 which decreases to a j/f value of about
0.156 at a Reynold's number of about 4,000,

The heat transfer performance of the prior art
radiator constructed in accordance with the teachings of
the Kun patent, as reflected in curve &, is to be con-
trasted with curves B,C,DandE, Whigh represent the heat
transfer performance of various radiator heat exchangers
constructed in accordance with the present invention.

In the radiators which were tested to yield
curve B - E, the heat exchange channel -elements in the
radiators were fabricated from 0.008 inch thick aluminum,
Each channel element was 0.94 inch in width. fhe channel
elements ;t a configuration generally similar to that

shown in Figure 2 - 4. herein, with the following
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dimensions: H = 0,055 inch, dl = 0,020 inch and

D = 0.6 inch. The wall surface between adjacent ridge
projections at a circular concave contour with a constant

radius of curvature, R, of 0.792 inch, and the edge wall

1
of the channel element at a convex contour as shown in
Figure 4. Each radiator had 88 channel elements per foot "
width thereof, with the width of the raidator being
measured in a common plane containing the longitudinal
axes of the channel elements, as measured in a direction
perpendicular to the channel element longitudinal axes.

Curve B of Figure 31 is a plot of heat transfer
data for a radiator with s core-of the type shown in
Figure 18, wherein planar secondary surface plate-like
members are disposed between adjacent channel elements.
Each plate-like member had smooth surfaces no surface
distortions thereon. Each plate-like member was fabri-
cated from aluminum of 0,006 inch thickness and had a
width of 0.0625 inch. The secondary surface member Qas
éecured between the .adjacent channelhelement solely by s
the compressive forces between the abutting opposed wall
projection portions of the respective channel elements.
As shown by the graph of Figure 31, this radiator had
a j/f value of 0.275 at a Reynold's number of 600 and a
value of about 0.220 at a Reynold's number of 4,000. -
These wvalues represent a'ZZZ increase in heat transfer
effectiveness at the Reynold's number value of 600 and a

419 increase in heat transfer effectiveness at the



10

20

0014481
_by-

upper value of Reynold's number of 4,000 relative to the
performance of the prior art radiator of curve A,

Curve C is a plot of the heat transfer data
for a radiator having a core as shown in Figure 16 herein.
The plotted data show that this radiator at a j/f wvalue
of 0.320 at a Reynold's number of 600 and a value of about
0.232 at a Reynold's number of 4,000. This performance
represents a 427 increaée at the lower Reynold's number
value of 600 and a 497% increase at the upper value of
4,000 relative to the prior art radiator of curve A.
Furthermore, based on these data, the radiator of curve
C represents a 167 improvement in heat -transfer effective-
ness factor at the lower Reynold's nuﬁber value of 600
and a 6% increase at the upper value of 4,000, relative
to the radiator of curve B. ™~ Apart from such comparison
of convective heat transfer efficiency, the radiator of
curve B is superior to the radiator of curve C in other
respects, as will be shown more fully hereinafter.

Curve D is a plot of the heat trénsfer data
for a radiator comprising chanﬁel elements formed similar-
ly to the channel element of Figure 14 herein, with each
channel element being provided with a single front
longitudinal secondary surface fin and a single rear
longitudinal fin., The secondary surface fins each had
slatted, slotted louvered surfac distortions in the manner
taught by Kun U, S. Patent No. 3,845,814, The front fin

had an angle of orientation v .of 30°, while the rear

- 64 -
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fin had an angle of orientation of 0°., Each fin had a
slot angle ¥ of 90° with a slat angle 3 of 45°. The
fins were each 0,324 inch in widch with the individual
slats having a dimension of 0.25 inch by 0.35 inch. The
fin angles Y , @ and ® referred to above are as
defined in the aforementioned Kun patent. These finned
channel elements were stacked in the heat exchanger core
as shown in Figure 17, ﬁith a smooth secondary surface
plate-like member being disposed betwsen the adjacent
channel elements. This radiator had a j/f wvalue of
0.382 at a Reynold's number of 600 and a j/f value of
0.287 at a Reynold's number of 4,000. This performance
represents a 70% increase in the convective heat trans-
fer efficiency factor at the lower Reynold's number
value of 600‘and an increase of 847 at the upper
Reynold's number wvalue of 4,000 relative to the prior art
radiator of curve A,

Curve E plots the heat transfer data for radiator
constructed in the same-manner as the radiator of curve
D, but without secondary surface plate-like members dis-
posed between adjacent channel elements in the radiator
core., Otherwise, tae radiator for curve E was identical B
in all dimensional respects to the radiator of cur&é D.
as shown, the radiator of curve E had a j/f value of
0.422 at a Reynold's number of 600, and a value of 0.318
at a Reynold's number of 4,000, These end-point values

for the particular Reynold's number range comsidered
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represent convective heat transfer performance improve-
ment of 88% and 1047, respectively, relative to the
prior art radiator of curve A. As shown by the graph
of Figure 31, the radiators constructed in accordance witk
the present invention all provided substantial improve-
ment in convective heat transfer efficiency over the
full Reynold's number range considered relative to the prior
art radiator (curve A) constructed in accordancé with the
teachings of Kun U. S. Patent No. 3,810,509.

Based on the respective curves B - E of
Figure 31, representing various embodiments of the 7
present invention, it might appear that the use of a
secondary surface plate-like member between adjacent 7
channel elements in the radiator core, in the manner
shown in Figure 18 herein, would be disadvantégeoué
relative to the provision of a heat exchanger core lack-
ing such form of secondary surface, as for example, in a
core of the type shown in Figure 17 herein. In Figure
31, the pgsition of the curves C and E, representing
radiators with such secondary surface plate-like members,
are seen to be positiocned vertically above the correspond-
ing curves B and D, respectively, the latter pair of
curves representing radiators provided with such secdndary
surface plate-like members between the adjacent elements
in the hea£ exchangsr ééfé; 'Despite such fact i.e., that

the provision of se-ondary surface plate-like members

- 66 -
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between adjacent channel elements in the core of the

radiator decreases the convective heat transfer effective-

ness of the radiator, it is shown in Figure 3Z that the

heat transfer material effectiveness of the radiators with
secandary surface plate-like members is in fact higher H

than the heat transfer material effectiveness wvalues for

i

radiators lacking such secondary surface members.

Figures 32 is a graph of heat transfer material
effectiveness for the radiators previously described in
connection with Figure 31, plotted as .a function of gas
flow velocity at the face of the radiator. The curve
designations B - D in Figure 37 refer to the same radi-
ators described in connection wi;h the correspondingly
labeled curves in Figure 31, The ordinate of Figure 32
is the material effectiveness of the radiator, expressed
in units BTU/1b. of metal in the radiator core, rep-
resenting the amount of heat transferred, in BTUs, from
the coolant flowing through the interior passages of
the channe} élements to the external heat transfer
medium (air) £lowing over the exteriorrsurfaces of the
channel elements and secondary surface members, if -
present. The abscissa of Figure 32 is the face velocity
of the air flow through the radiator, measured in units

of feet per minute; the face velocity is the gas

_velocity measured at the forward base of the radiator

in the test assembly, as measured in a direction perpen-

dicular to the plane containing the longltudinal axes of

5
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the stacked channel elements in the radiator core. As
illustrated in Figure 32, the use of secondary surface
plate-like members between adjacent channel elements in
the radiator, represented by curves B and D, provided
significant improvement ig the heat transfer capacity

per unit weight of metal employed in the radiator as
compared to the material effectiveness values for the
corresponding heat exchanger lacking such seconéary surface
platé-like members, represented by curves C and E, re-
spectively, Inasmuch as weight considerations are an
important factor in general radiator design, the use of
secondary surface plate~-like members between adjacént
channel elements in the mannerrpreviously described imparts
a valuable design fiexibility in radiators according to
the present invention, since the same total heat transfer
capacity can be realized in a correspondingly smaller
sized radistor than if such secondary surface members are
not employed. It will be apparent that the choice of
whether or not to employ secondary surface plate~like
members between adjacent channel elements in heat exchang-
ers constructed accyrding to the present inventionrwill
depend on various considerations including those feilected
in Figures 31 and 32 of comvective heat transier effective-
ness (pressure drop) and material effectiveness of the
heat exchanger in terms of the heat exchange capacity per
unit weight of hea* transfer surface in the exchanger,

The chaniel elements of the present invention

- 68 -
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also afford a substantial adgantage relative to the.
channel elements of the previously mentioned Kun patents
with respect to the pressure loadings and differentials

which the channel elements can accommodate, ihis is

ey

shown by Figure 33, which is a graph of channel element
wall member deflection plotted as a function of internal
vacuum pressure and also as a function of internal
buckling preésure for a channel element according to the
present invention (represented by the curves labeled "M'")
and a channel element sccording to Kun'U. S. Patent No.
3,810,509 (represented by curves labeled "y').

In both the buckling and vacuum  pressure
tests, from which the data plotted in the graphs of Figure
31 were generated, a single channel element was restrained
by two blocks each disposed along a side wall of the
channel element against the load-bearing end segments of
the wall projection portionms thereof. The end blocks
were formed of rigid plastic and, whén positioned against
the side wall projections of the chaninel element, were

retained in position by suitable clamping means. Small

ALY

1)

holes were provided in the blocks through which deflection °
probes were inserted to measure deflection of the channel
element side wall member at the innermost point on the
exterior wall surface.' In these tests, the deflection of

the blocks was also measured and the values measured were
subtracted from the indicated values of deflection of the

channel element wall member. Both initially open ends of
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the channel element were sealed with an epoxy sealant,

and a tube was provided at one end section of the channel
element in closed gas flow communication with the inter-
ior passage of the channel element for feeding of gas
into the channel element interior passage or exhaustion
gas therefrom. The curves in Figure 33 each represent
averaged values for multiple runs of the test procedure.

The curves labeled "N" in the graphs of Figure
31 were based on tests involving channel elements fabri-
cated from aluminum of 0.008 inch thickness in the
manner taught Kun U. S. Patent No.3, 810,509. The surface
of such channel element was provided with a multiplicity
of wall projecticz pocrtions distributed across the wall
member surface, each projection having a circular load-
bearing end segment with a diameter of 0.045 inch. The
wall surface projections were provided in a triangular
array with an effective spacing between projections of
0.48 inch and the height of each wall supporting projection
was 0.043 inch. The channel elemenf‘according to the
present invention, which was tested to yield the curves
labeled "M" in the graph of Figure 33, was fabricated from
aluminum of 0.008 inch thickness and had the dimensional
parameters set forth in Table I herein under the heading
"Figure 5 Elevational Contour".

In the vacuum pressure deflection test, reflected
in the plots on the left-hand side of Figure 33, gas was

evacuated from the channel element through the



10

20

0014481 -~

_3-

aforementioned conduit in gas flow communication with
the interior passage of the channel element and the
deflection of the wall member surface between adjacent
wall projections was measured at various values of
vacuum pressure, measured in units of inches of Hg. As
shown by the plot of vacuum pressure deflection, the
prior art channel element of curve N relatively large
and rapidly increaéing levels of deflection with in-
creasing vacuum.pressure, while the channel element
according to the present invention, by comparison, showed
relatively little wall deflection even at high negative
pressure level., For example, at a vacuum pressure of
=20 inches Hg, the deflecti?n measured for the prior art
channel element curve N was about 0.43 mm while the wall
deflection of the channel element according to the
present invention at the same vacuum pressure level was
only 0.04 mm, The deflection of the channel element
according to the present invention was thus over 90%
lower than the wall deflection of the channel element
according to the prior art, at the vacuum pressure level
of -20 in. Hg. |

The right hand plot in Figure 33 shows
deflection of the channel element wall member as a
function of positive internal pressure in the channel
element interior paséage. As shown, the deflection
values characteristic of the prior art channel element

(curve N) are substantially and increasingly greater than

uh
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the deflection values for the channel element according
to the present invention (curve M). For example, at
an internal pressure level of 50 psi, the prior art channel
element of curve N exhibited a wall deflection of approx-
imately .37 mm, while the channel element according to the
present invention exhibited a deflection of only 0.097 mm,

a value 747 lower than deflection level of the prior art

channel element, As also shown by the plot, the channel

- element of the present invention can accommodate increasing

internal pressure levels of up to 60 psi without undue or
rapidly increasing deflection. At an internal pressure
level of 60 psi, the deflection of the wall member
according to the present invention is only about .12 mm,

a deflection value which is already exceeded by the

prior art channel element at an internal pressure of only
20 psi. The various curves in Figure 33 thus clearly

show the striking, substantial and unexpected improvement
in channel element structural strength and integrity which

is achieved by the channel element of the present invention

- over prior art chamnel elements.

Although preferred embodiments of the present
invention have been described in detail, it will be
appreciated that other embodiments are contemplated only
with modification of the disclosed features, as being

within the scope of the invention. For example, although

- 72 -
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the disclosure herein has been directed primarily to
cross flow heat excha;gers employing open-ended channel
elements, it will be appreciéted that the heat exchange
wall member of this invention may suitably be employed in
other heat exchanger configurations, such as the plots
and fin variety, in various flow modes including cross
flow, concurrent flow and counter flow of the heat

exchanging fluids. ' .
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WHAT IS CLAIMED 1IS:

1, A heat exchange wall member of thermally
conductive material having a multiplicity of wall projection
portions distributed across the wall member surface and

outwardly

extending/therefrom with load-bearing end segments at their
extremities, whereby said wall member may be supported
abuttingly against an adjacent structural member by said
load-bearing end segments of said wall projection portioms,
characterized in that:

said wall projection portions extend
elongately on said wall member surface with the load-
bearing segments thereof having an aspect ratio (dz/dl)
of at least 10, wherein dp= length of the major axis of
said wall projection portion load-bearing end segment
measured in the base plane of the wall member and dl =
length of the minor axis of sgid wall projection portion
ioad-bearing end segment measured in the base plane of the
wall member,

said wall projection portions .are orient-
ed on said wall member surface with the major axes of
said load-bearing end segments of said wall-projection

portions aligned substantially parallel to one another;

and

-74 -
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said wall projection portions have a
dimensional size and a dimensional relationship there-
between defined by a D dimension of between about 0.2 and
3.0 inch, a H/D ratio of between about 0.05 and 0.5, and
a D/dl ratio of between about 1.5 @and 50, wherein:H equals s

the maximum height measured perpendicularly from the base

@

plane of the wall member to the innermost point on the wall
member surface between adjacent wall surface projections;

D equals the spacing between the major axes of lcad-bearing
end segments of adjacent wall projection portions as
measured perpendicularly to said major axes in tﬁgngese
plane of the wall member; and the

base plane of the wall wember is z plane containing the

extremities of wall surface projections extending outward-

ly from the wall member surface to a uniform extent.

2, © A heat exchange channel element includ-
ing two spaced-spart wall members of thermally conductive

material bounding a fluid flow channel and having a

e

multiplicity of wall projection portions distributed

outwardly
across the wall member surface and extending/therefrom

i

with load-bearing end segments at their extremeties,
whereby said channel element may be supported abuttingly
against an adjacent structural member by said load-
bearing end segments of said wall projection portions,

characterized in that:
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said wall projection portions extenéra
elongately on said wall member surface with rhe load-
bearing segments thereof having an aspect ratio (dzldl)
of at least 10, wherein dp= length of the major axis of
said wall projection portion load-bearing end segwent
measured in the base plane of the wall member and d1 =
length of the minor axis of said wall projection portion
load-bearing end segment measured in the bése plane of the
wall megber;

said wall projection portions are orient-
ed on said wall member surface with the major axes of
said load-bearing end segments of said wall projection

portions aligned substantially parallel to one ancther;

" and

said wall projection pertions have a
dimensional size and a dimensional relationship ihere-
between defined by a D dimension of between about 0.2 and
‘3.0 inch, a H/D ratio of between about 0.05 and 0.5, and
a D/dl ratio of between about 1.5 and 50, wherein:H equals
the maximum height measured perpendicularly from the base
plane of the wall member to the innermost point on the wall
member surface between adjacent wall surface projections;

D equals the spacing between the major axes of load-bearing
end segments of adjacent wall projection portions as

measured perpendicularly to said major axes in the bese
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plane of the wall member; and the
base plane of the wall member is a plane containing the
extremities of wall surface projections extending outward-

ly from the wall member surface to a uniform extent.

L4

3. A heat exchange channel element according

>

to claim 2 wherein said two spaced-apart wall members
constitite side walls of the channel element and are
spaced apart by edge walls, with said side walls and
edge walls each having a thickness of between about 0,003

and 0.25 inch.

4. A heat exchange channel element according
to claim 3 wherein said side walls and edge walls are
formed of aluminum and have a thickness of between about

© 0.003 and 0,10 inch.

5. A heat exchange channel element according

. __.L..._-.___.._._7
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to claim 2 which extends longitudinally and has an
elongated cross section bound by said two spaced-apart -
wall members as side walls spaced apart by edge walls,
said channel element having a first fluid entrance opening

at one end and a first fluid exit opening at the opposite

end.

6. A heat exchange channel element accordiné
to' claim 5 wherein said wall projection portions extend
across substantially the full width of the side wall and
are oriented with the major axes of said wall projectidﬁ
portion load bearing end segments substantially perpen-

dicular to the longitudinal axis of the channel element.

7. Apparatus Zcecording to claim 1 or 2 wherein
the wall surface between adjacent wall projection

portions is substantially planar.

8. Apparatus according to claim 1 or 2 wherein
the wall member surface between adjacent wall projeétion

portions is concavely curved.

9. Apparatus according to claim 1 or 2 wherein
the wall surface between adjacent wall projection portions

has an elevaticnal contour which 1s concavely circular,

10. A heat exchanger comprising at least one

heat exchange channel element according to claim 2.

11. A heat exchanger comprising a multiplicity
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of channel elements according to claim 2 each having an
elongated cross section bound by said wall members as
side walls spaced apart by edge walls, said channel
elements being longitudinally aligned in parallel spaced
relation each with a first fluid entrance opening at one
end and a first fluid exit opening at the oppesite end,
and common inlet manifold means and common exit manifold
means respectively associated with said first fluid

entrance openings and said first fluid exit openings.

12. A heat exchanger according to claim 11 where-
in the load-bearing end segments of wall projection
portions of said channel elements are shaped and arranged
for matiné'with and abutting against load-bearing end
segments of the projection portions of an adjacent channel
element side wall, with the wall surface portions be-
tween said projection portions thereby forming spaces
between adjacent channels through which a second f£fluid

may be flowed in heat exchange with the first fluid.

13. & heat exchanger according to claim 12 com-
prising secondary surface fins associated with said

channel elements,

14, A heat exchanger according to claim 11
wherein said multiplicity of channel elements are dis-
posed in a stacked array with secondary surface plate-

like members being disposed between adjacent channel

-

w



EAr Sy apese )

0014481
-80-

elements with the load bearing end segments cf the wall
projection portions of the channel elements baing shaped
and arranged for mating with and abutting against said
secondary suriace members, whereby said‘secondary surface
members are maintained in thermal contact with said

channel elements along the abutting load-bearing end

segments thereof.

15. A heat exchanger according to claim 14
wherein said secondary surface members are substantially

planar.

16. A heat exchanger according to claim 14
wherein said secondary surface members have a multipli-
city of surface distortions distributed across portions
of their surfaces which are not in abutting contéct with

channel element load-bearing segments,

17. A heat exchanger according to claim 16
wherein said surface distortions of said secondary
surface members comprise parallel slats and slotted

apertures arranged in a louvered configuration across..

the width of the secondary surface member.

18. Apparatus according to claim 1 or 2 wherein

said aspect ratio (dy/d;) is at least 30.

19. Apparatus according

- 80 -
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to claiml or 2 wherein said wall projection protions extend
outwardly to a2 uniform extent and have flat load-bearing

end segments at their extremities.

20, Apparatus according to claim 1 or 2 wherein:

H is between about 0.035 and 0.080 inch; D is between about

0.4 and 1.1 inch: and dl is between about 0.01 and 0.05 inch.

21. A heat exchanger including a stacked
array of longitudinally extending channel elements each
having two spaced-apartwall members of thermally con-
ductive material bounding a fluid flow channel and a
multiplicity of wall projection portiohs formed from each
wall member being distributed across the wall member sur-
face and extending outwardly therefrom to a uniform ex-
tent with flat load-bearing end segments at their
extremities, whereby said channel elements may be support-
ed abuttingly against adjacent structural members said
load-bearing end segments of said wall projection portions,
" characterized in that: |

said chamnel eleﬁent wall projection
portions extend-. elongately across substantially the
full width of said wall member surfaces of said channel
elements with the load-bearing segments thereof having
an aspect ratio (dz/dl) of at least 30, wherein d2 =

length of the major axis of said wall projection portion

load-bearing end segment measured in the base plane of

PR
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the wa..l member and dl = length of the minor axis of said
wall projection portion load-bearing end segment measured
in the jise plane of the wall member;

said channel element wall projection portions
are o©-iented on said wall member surfaces of said
channel 2lements with the major axes of said load-bearing
end segi:nts of said wall projection portions aiignéd sub-
stantia .y parallel to one another and substantially per-
pendicu.:r to the longitudinal axes of said channel
elements and said channel element wall projection
portions “aving a dimensional size and a dimensional re-
lationshi. therebetween defined by a D dimension of between
gbout 0.2 32d 3.0 inch, a H/D rétio of between about 0.05
and 0.5, ai D/dy ratio of between about i.S and 50, wherein:
H equals th maximum height measured perpendicuiarly_
from the bat plane of the channel element wall member to
the innermosi point on the wall member surface between
adjacent wall nirface projections of the channel element;
D equals_the $1:ing between the major axes of load-bearing
end segmedts 0. edjacent wall projection portions of the
channel element ' measured perpendicularly to said )
major axes in t! base plane of the channel
element member; .4 the base plane of the channel
element wall memb is a plane containing the load-

bearing segments ¢ ihe wall surface projections of said

wall member.

-.82 -
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22. Apparatus according to claim 1 or 2 wherein
said wall projection portions are formed from said wall

member,

23. Apparatus according to claim 1 or 2 wherein

the H/D ratio is between about 0.05 and 0.4.

24. A heat exchanger according té claim 11
wherein said channel elements are disposed in a stacked
array with their longitudinal axes lying in a common
plane and said stacked array contains at least 40 channel
elements per foot width thereof, with the width of said
stacked array being measured in said common plane in a
direction perpendicular to the chanmnel eiement longitudinal

axes,

25. A heat exchange wall member according to
claim 1 wherein said wall projection portions extend
uninterruptedly across substantially the full extent of
said wall member in the direction of elongation of said -

wall projection portioms.

26. A heat exchanger comprising at least one

heat exchange wall member according to claim 1.

27. A heat exchanger according to claim 26
wherein the load-bearing end segments of wall projection
portions of said wall member are shaped and arranged for
mating with and abutting against load-bearing end segments
of the projection portioms of an adjacent wall member,

with the wall surface portions between said projection
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portions thereby forming spaces between adjacent wall
members through which a2 second fluid may be flowed in
heat exchange with a first fluid on the other side of

said wall member.

28. A heat exchanger according to claim 27
wherein a multiplicity of wall members are disposéd in a
stacked array with secondary surface plate-like members
being disposed between adjacent wall members with the load
bearing end segmentsAof the wall projection portions of the
wall members being shaped and arranged for mating with and |
abutting against said secondary surface members, whereby
said secoﬁdary surface members are maintained in thermal
contact with said wall members along the abutting load-

bearing end segmeznis thereof.

29. A heat exchanger according to claim 28
wherein said secondary surface members are substantially

planar.

30. A heat exchanger according to claim 28
wherein said secondary surface members have a multiplicity
of surface distortions distributed across portions of
their surfaces which are not in abutting'contact with

channel element load-bearing segments.

31. VA heat exchanger according to claim 30
wherein said surface distortions of said secondary surface
members comprise parallel slats and slotted apertﬁres
arranged in a louvered configuratioﬁ across the width

of the secondary surface member.

-8&—
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