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MULTIPLE NGZZLE AIR BLAST WEB DRYING
Thomas A, Gardner, 513 Clark St., Neenzh, Wis.
Filed Yan. 4, 1961, Ser, No. $6,610
8 Claims, (Cl, 34—122)

This invention relates to multiple nozzle air blast web

drying and is a continuation in part of application Serial
No. 662,891, filed May 31, 1957, now abandoned, and
application Serial No. 743,437, filed June 20, 1958, now
abandoned.
. The invention seeks to provide increased drying capac-
ity by operating at low Reynolds number values upon the
laminar boundary layer of air and vapor in immediate
proximity to the web to be dried. (Any drying gas may
be used, the term “air” being employed generically since
air is the gas most commonly used for drying.) The
invention has been tested successfully in the drying of
webs of newly-formed paper, the drying of paper coat-
ings, and the drying of inks, dyes and the like on the
surface.

While it is convenient to refer to the nozzles which
create the jets, it should be noted that it is the jets of de-
hydrating gas that do the drying and are required to
bave the critical dimensions and spacing. Thus the fig-
ures given above may be stated in terms of the jets them-
selves. The jets should be spaced from each other not
less than three-quarters of an inch nor more than two
inches. They should originate at a distance of no more
than three-quarters of an inch and preferably one-eighth
to three-eighths of an inch from the surface of the work
to be dried. The jets should have a total cross section
at the said distance of origination which amounts to one
and one-half percent to five percent of the area acted
upon, the preferred percentage area being two to four
percent.

The invention provides increased drying capacity by
operating on the boundary layer film in immediate prox-
imity to the web being dried in such a manner that its
résistance to the flow of heat and mass is reduced.

" The invention is based on critical relationships of noz-
zles including specifically the ratio of total orifices area
to total work area; nozzles spacing from the work to be
dried; and the spacing of the nozzles from each other.
The distance between nozzles is particularly critical. It
should be not less than 34 of an inch nor more than 2
inches, with peak performance at a space slightly in ex-
cess of one inch. The percentage of total area of nozzle
orifice to the total heat transfer area of the surface acted
upon should be not less than 1%4 % nor more than 5%,
with a preferred range from 2 to 4%. 'The distance of
the nozzle from the surface of the work is less critical
but should be between ¥4’ and 34" for best results. The
dryer shows no improvement over previously known
dryers if this spacing is increased beyond % of an inch.

The invention further seeks to provide equal drying
across-the entire width of continuous webs used in in.
dustry. Only if drying is uniform is it possible to operate

- at high temperature. The large flow area in the preferred
plenum compared to the flow area of the orifices ensures
that the pressure drop in the orifices will exceed by many
times the pressure variations in the plenum. Thus the
flow through all orifices is extremely uniform. Uniform
drying across wide machines is difficult to maintain. Per-
formance of the machine herein disclosed js VEery superior.

The invention also provides more economical drying

by the conservation of heat and power ordinarily used in

drying. )

- A major complaint made with respect to previously

known dryers is the massive loss of air into the room in

which the dryer operates. On virtually all dryers, 50%
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more or less, of the discharge from the first nozzle and
the last blows out into the atmosphere after impinging
on the surface, because of its high energy. Because of
the multiplicity of small capacity nozzles used in the
present dryer, the percentage of air lost to the room be-
comes very small. In the present dryer the air loss with
nozzles 1 inch apart is only one third as great as the loss
from a dryer of equal size and air capacity with nozzles
3 inches apart. :

The matter of air loss is important. Such air carries
away both heat and vapor. With small air loss the dryer
may be operated at high temperatures and humidities.
High humidity operation requires less air to be heated to
secure the same amount of drying. Thus the thermal
efficiency is high. High humidity also provides high con-
centration of latent heat, which is easier to reclaim if
desired. In the present dryer heat reclamation is eco-
nomically feasible; formerly this has not been true. In
the drying of costly solvents, high solvent humidity per-
mits easier reclamation of the solvent.

There is a further advantage of the present dryer in
that it accomplishes a given drying job in very much less
space than is required by any previously known machine
of comparable capacity. This not only reduces the de-
mands on floor space in the building in which the dryer
is used, but it reduces heat losses attributable to radiation
and convection.

Another advantage of using very small cpacity nozzles
with high jet energy is to provide the beneficial effect of
high velocity flow without high kinetic energy such as
might disrupt fragile webs or unstable surface coatings.

In practice, the web may be supported either by a rela-
tively flat plate or by a drum or floated between opposed
sets of drying nozzles. The speed of the web is broadly
immaterial since the flow of drying air is preferably at a
rate so high as to make conventional rates of web move-
ment immaterial,

It is conventional to use heat in the drum or plate over
which the web is trained for drying purposes. In the
use of the present invention, evaporation of moistures or
other evaporized liquids will occur so rapidly from the
surface of the web as to make it possible to increase the
amount of heat used in the drum, at the same time elimi-
nating by evaporative cooling the difficulties experienced in
some dryers when the heat is excessive for the particular
materials involved.

Laterally elongated non-circular nozzles preferably ex-
tending the full width of the web are so organized that the
jets of drying gases issuing from the nozzles are directed
against the web substantially at right angles to its surface
or at an angle which, allowing for web movement, results
in a pattern of flow and pressure gradient which is sub-
stantially symmetrical from the stagnation point opposite
each nozzle. Each nozzle may provide 2 substantially
continuous opening which is as long as the width of the
web, broken only by spacers which maintain its side mar-
gins at uniform distances.

A feature of the present invention is the provision of
means for the escape from the vicinity of the drying sur-
face of air which has been spent in impinging on the sur-
faces, the escape being accomplished without impairing
the uniform drying effect or in any manner impairing
the dried web or its coating, and without limiting the
length, width, or number of nozzles. The flow of im-
pinged drying air along the surface acts as & curtain which

dsolates the surface from the spent air.. The arrangement

becomes possible because the escape passages can be simall
due to the relatively low volume of air admitted through
the nozzles, When the web is very wids, escape passages
may be provided at the center of the nozzles, as well as
at the ends thereof.
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To. provide a multrphcrty of moziles with thelr re-
spective pressure gradients: extending across “the entire
width of a web trained over a heated drum results in hold-
ing the web more tightly to the drum, air and vapor being
‘purged from the space between the web and the drum,
thereby increasing heat flow from the drum to the web.
Also the mass transfer rate of vapor away from the web

is'increased and the:vapor pressure and the related satu- -

ration temperature on the.surface of the web are.reduced,
thereby increasing heat: flow from the drum to the web
and making it possible to use higher drum temperatures
without “blowmg off”” the web. = The vapor mass trans-

fer coefficient is proportlonal to the heat transfer co- -

efficient.
There are essentrally three primary features of the
apparatus. They are:

(1) The spacxng of the nozzles from the web.

(2) The spacing of the nozzles from each other, and

(3) The area ratio of the nozzle orlﬁces to the. total
area of the work exposed thereto.

The spacmg of the nozzles from the web should be as
small as is practicable. ‘The maximum is critical. and
should not exceed three-fourths:-of an inch. . Spacings of
one-eighth to one-half of an inch have ‘been used success-
fully, the preferred range being one-eighth of ‘an inch to
three-eighths of an inch. There is no advantage in ap-
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by these opposing side walls and the interior spaces-of

‘the respective channels open. at their ends to permit the

escape of the vapor bearing air. .In a preferred organiza- .
tion the air is recirculated through a filter and heater with

" controlled continuous withdrawal of some of the saturated

air and its ‘replacement with unsaturated-air. - There is
nothing fundamentally new -about recirculation but, as
will. be shown hereafter, the drying results: produced by

- the instant invention are very.: greatly superior to the drying

achieved with any other known device for the purpose.
In the’ drawxngs
FIG. 1'is a view taken in sectlon of FIG 2 through a
typical installation.
. FIG. 2.is a view'in rear elevatron of ‘the device shown
in FIG. 1, portions of the housing bemg broken away.
FIG. 3 is a greatly enlarged detail view of some of the

‘nozzle structure shown-in FIG. 1.

FIG. 4 is a view showing the drum in side elevation and "
the nozzle structure in section on line 4—4 of FIG. 1,
the section also being indicated at 4—4 in FIG. 3 to show
that it passes through one of the nozzles.

FIG. 5 is a fragrnentary detail view taken in section

" on the line 5—5 of FIG. 3

25

proaching closer than one-eighth of an inch, even if it -

were practical to do so.

The nozzles cannot be brought

so.close to the. work that contact might occur through ir= 7

regularities in mechanical tolerances. Neither can the
nozzles be withdrawn from the work substantially beyond
one-half inch -without largely destroying the advantage
which this apparatus has over conventional dryers. . Any

3

-FIG: 6 is a fragmentary vrew in- perspectrve of the ap-
paratus as it appears from the iriner ends of the nozzles,
portions of a roll and the web to be dried bemg fragmen-
tarily illustrated.

FIG. 7 is-a view:in perspectlve fragmentarily illustrat-
ing the ends of a bank of nozzles and the ad]acent end
wall “of the: plenum chamber, all of the air. collectmg

" chamber walls bemg broken away.

loss of velocity at the point of 1mp1ngement of the drying

gas orni the surface of the: work can be- compensated only

by increased power.’

. ‘Whatever the kinetic energy of the air in any partlcular
installation, the nozzle arrangement disclosed herein will
produce at least thirty  percent. more heat transfer with
correspondmgly increased mass vapor transfer than can

" be achieved in any drying organization which does"not °

employ the arrangement of the present invention. .-
Nozzle spacings up to two inches are practical' How-
ever, there are marked advantages if 'a spacing® closely
approximating one inch is used with the’ preferred -area
ratio of mozzle orifice tototal area.’ “The relationship be-

fer area ‘of the work uipon which the jets from the nozzle
is operatlng is-very important. . As:shown by the-charts
included in the drawings, the . percent of orifice area

'should be approximately thrée percent of the heat trans-
_ fer areaat-all'nozzle. spacmgs, the outside limits- bemg a-

35 -
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FIG. 8 is a view in perspective of a fxaomentary por-
tion of one .of the 1nd1v1dual troughs that make up the
nozzle bank. :

FIG.9isa d1agrammat1c view on‘a_ reduced scale show-
ing the c1rculatory system

- FIG. 10 is a view in cross section showmg a-modified
afphcatlon of the 1nvent10n to a web passmg over a fixed
plate.

. FIG. 11isa dlagrammatlc view-in cross section through

) a series of drying rolls to one of which a bank of drying

nozzles embodymg the present invention has been applied.

45
tween the open-area of the nozzle and the total heat trans- - .

FIG. 12 is a diagrammatic view showing the effect. of
the jets of drymg gases produced according to the 1nven-
tion.. :

FIGS. 13.and 14 are pressure charts showmg the com-

.~parative effect of locating the. nozzles at dlfferent d1stances

. from the work.:

50

minimum of:one and-a half percent and a. maximum of =

five and -a half percent w1th a preferred range of two to
four percent.
The drying gas, herein called air for convemence, is sup-

55

phed to the nozzles at such pressure as to-produce very -

high velocities, a preferred’ range bemg 10 000 to 20 000- .

feet per minute. - -
. Since the volumie dellve1ed from the- very narrow noz-

“zles is small, the power requirement is' not excessive and:
the kinetic energy expended on'the surface..of the web-
The small volume flow from an in--
dividual -nozzle has httle energy m splte of the hrgh ve- -

is not destructive.-

loc1ty of the jet.:

60

FIG. 15 is'a chart showmg the eﬁect of the d1stance
of the nozzle from the surface of the work.
" FIG. 16 is a chart showing the effect of- total orifice

“area in relation to the total heat transfer area of the work.

““FIG. 17 is a chart showing the effect of distance be-
tween nozzles upon the heat transfer coefficient and upon
the kinetic energy of air requrred to produce a glven rate
of heat transfer. - .

In the. embodrment shown in FIGS 1t09 the work

“ to-be dried is represented by a web 20 passing about-a dry-

ing roll-21 which may be assumed to be the steam-heated
roll of a conventional dryer to'which the drying apparatus

" of ‘the present invention has -béen added.: ‘As already

.. noted, the invention is not concerned either with the ma-

65

- The net result-of these- factors is to disrupt the laminar = .

. boundary region with high frequency to promote hlgh heat :

and mass transfer rates.

terial of the web or the’ llquld to be- vaporized. The in-

_ vention -is applicable to’ primary - drying ‘which involves -

the reméval from a freshly formed paper web of the liquid

.component of .the furnish. It is also-applicable fo ma-

~chine felts and to crepe. It has been tested in the drying

- A convenient mechamcal constructron mvolves the con-

nectlon of the bases 6f generally channel-shaped members
-with slightly flared-sides-to-the otherwise open side of a
. plenum chamber:so that the bases of the respectlve chan-

70

of the printirig-done by a four-color rotary printing press.
It-is-also usable 10" preset aqueous coatings and to re-

~. ‘move-the volatile constituents of coatlnﬂs, inks;.and dyes. :

nels close the chamber except for nozzle openings between.

the opposing- and outwardly- converging . side “wallsof -

Thus* the nozzles are constrtuted7 75

’ consecutive channels

‘and not by way of limitation:
- most readily available drying’ medlum, “the invention will -
.be descrlbed thh reference to air but wrth the under-

The foregoing particulars are given by way of example
‘Also, because air is the



- partitions 33, 34, 35 as shown in FIG. 3.
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standing that other drying gases are equivalent so far as

- the present invention is concerned.

For convenience, the entire apparatus is mounted within
a hood or shroud 25 bodily movable to and from the roll
21 which not only provides a platen for the support of
the web but also desirably conmtributes heat to expedite
the drying. One way of mounting the hood for advancing
and retracting movement is to support it on the arms 26
from trunnions 27 about which it may be withdrawn
pivotally from the drum by cables 28 to facilitate train-
ing the web about the drum, or to give access to the
nozzles when cleaning is desired,

The rim 22 about the margin of the hood is in prox-
imity to the periphery of the drying cylinder 21 but is
usually spaced about one-half inch from the end of the
cylinder and about one-half inch radially inwardly from
the surface of the cylinder. This rim reduces the area
through which fresh air is drawn into the system thereby
providing more effective seal. It also serves to deflect
the stream of air flowing out of return spaces between
the nozzles hereinafter described.

Within the hood 25 is an inner wall 38 which provides
a plenum chamber 31 to which the drying air is admitted
through pipe 32. The plenum chamber is shorter than
the hood, its end walls 33, 34 being spaced from the ends
of the hood. Support for the nozzles is provided by the
walls 33, 34 and by an intermediate partition or parti-
tions 35 provided with a sufficient number of apertures
36 to permit ready flow of air throughout the plenum
chamber from one end to the other. The plenum cham-
ber is so sized that the cross sectional area of flow at
any point is considerably greater than the total orifice
area downstream of the point. This arrangement pro-
vides uniform distribution of 2ir to all nozzle orifices if
air is supplied under some pressure to the plenum. Since
the orifices represent but a small open area the pressure
plenum need not be excessively large.

The internozzle channels, hereafter described, lead the
saturated air from the surface of the web to the ends
of hood 25, externally of walls 33 and 34. From this
external space the air is exhausted through a pipe 38.
Some of it is discharged through the blower 3% and re-

* placed by make-up air which leaks in to the extent that

circulating air is discharged. The rest passes through a

- filter 46 and heater 41 and is recirculated by blower 43,

which delivers the air back into the pipe 32. Desirably,
the return air temperature may be about 300° F. and its
pressure sufficient to develop a flow through the nozzles
at the rate of abcut 16,000 f.p.m. This head is about
16" water gauge presure at 70° F.

The two pipes may have beveled flanges at 43 which
seat with complementary flanges of the circulatory pipes
when the housing is lowered to the operative position of

- FIG. 1. The seated connection is shown in FIG. 4 and the

flanges separately in FIG. 2.

“The inner wall of the plenum chamber 31 is com-
posed entirely of the eighty-four channels 45 which in
practice have been used to form the respective nozzles
80 and the vent spaces 51 as best shown in FIGS. 3,6

~and 8. The number of channels is, of course, optional,

depending on the size of the bank of nozzles. The bases
of the respective channels are welded to the bulkheads or
As already
indicated, the otherwise generally parallel side walis 53,
54 of the respective chamnels 45 flare slightly adjacent
their ends and the proximate side walls of consecutive
channels converge to form the nozzles 58. While not
critical, the included angls between the converging side
walls . which form the nozzles 56 has been made about
20°. It has been found that the change in angle between
the generally parallel portions of the side walls and the
converging portions 53’, 54’ stiffens the nozzle and there is

-less friction loss in the nozzle than would be the case if

the side walls converged umiformly from the bases to
the ends.
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These nozzles are spaced from each other three-foiirths
of an inch to two inches or desirably about ome inch
center to center, Importance of nozzle spacing is clearly
shown in FIG. 17 which demonstrates that the spacing is
critical, the permissible range being three-fourths of an
inch to two inches and the greatly preferred spacing being
very close to one inch.

FIG. 17 shows the effect of distance between nozzles
when the nozzles are mounted one-fourth of an inch from
the work surface, the orifice openings aggregating 2.8
percent of the exposed surface and the air temperature

sing 400° F. The curve 77 shows the heat transfer co-
eflicient at various nozzle spacings with air energy of
0.4 H.P./ft.2. The curve 78 shows kinstic energy of air
required to maintain a heat transfer coefficient of 65
B.tu/hr. ft.2 °F. The preferred range of operation is
at nozzle spacings between the broken lines indicated by
the arrow 79. The area beiween nozzles can be kept
small so that the velocity of the exhaust air is quite high,
this being permissible because the path of flow of the dis-
charge air and vapor is isolated from the drying surface
by the dynamic air curtain along the surface produced by
the high velocity nozzle discharge.

It has also been found practicable that each nozzle
have an opening approximately .023 inch wide and ten
feet four inches long interrupted by spacers herein-
after referred to. However, while the dimensions are
critical within limits hereafter explained, the specific
dimensions here given are merely illustrative.

The relationship between nozzle opening and nozzle
spacing can be expressed in terms of a ratio of nozzle
opening to heat transfer area. The total orifice area
should be not less than one and a half percent or more
than five and a half percent of the heat transfer area,
the preferred range being two to four percent for reasons
clearly shown in FIG. 16.

In FIG. 16 the curve 71 shows the heat transfer coef-
ficient in relation to the percentage of orifice area to
heat transfer area when the nozzles are spaced one inch
apart, the air emergy being constant at 0.4 H.P./FiZ.
The curve 72 is a similar curve showing the relation-
ship when the nozzles are spaced one and a half inches
apart. The curve 73 is based on a nozzle spacing of two
inches and the curve 74 is based on a nozzle spacing
of three inches from each other.

The preferred range of percentages lies between the
broken vertical lines indicated by the arrow 75 while
the broken linés designated by arrow 76 show the out-
side limits within which practicable operation according
to the invention is achieved.

As best shown in FIGS. 2 and 7 the respective chan-
nels 45 extend beyond the respective plenum chamber
end walls 34, 35. The spaces 55 leading to the nozzles
58 are closed off outwardly of the end wall flange 56
by plates 57, 58 welded between the outer margins and
ends of side wall portions 53, 54 of successive chan-
nels. To facilitate the escape of saturated air from the
vent spaces 5%, the bases of the channels are cut away
beyond the end wall flanges 56 as best shown in FIG. 7.

Each of the channels is provided at intervals along
one of its flared side walls with the spacers 59 which
are shown, by way of example, applied to the side wall
54 of the channel 45 separately illustrated in FIG. 8. It
is practicable to use spacers 345" in width and 214" cen-
ter to center. When the several channels 45 are assem-
bled in a bank, as shown in FIGS. 1, 3 and 6, their op-
posing side walls 53, 54 converge to form a narrow
nozzle slot 59, the width of which is determined by the
spacers 52, The spacers should be present in the mini-
mum number required to support the margins of side
walls at the desired spacing. The spacers facilitate as-
sembly. They may comprise weld metal and later are
securely fused to the side walls at the tips of the nozzles
by a spot welding operation, without, however, . appre-
ciably changing the desired orifice opening. The length



- »
of the spacers is so slight that they do not materially
affect operation. ~Thus the effective length of each nozzle
is desirably at least equal to the width of the web to be
dried. : :

The desirable range of nozzle opening widths in rela-
tion to work area has been found to be .015 to .055. 'In
practice, these tend to lie within the range of .020 to .030.
The opposed side walls 53 and 54 of consecutive chan-
nels constitute the nozzle and then converge with an
angle up to 20° between them. Actually an angle of
3° or 4° is satisfactory.. -This -angle is not critical but

is largely' a matter of design, the jet expansion- angle.

being independent of nozzle design. ) - -
The nozzles 50 are located in very close proximity
to the web. -The preferred range of spacings is from one-
eighth of an inch to three-eighths of an inch, although
spacing of one-eighth of an inch to one-half of an inch
have been used -successfully.. FIG. 15 shows that be-
yond three-fourths of an inch there is no advantage over
conventional dryers. ' ' :

FIG. 13 is a chart showing actual measurement-‘bf :

surface pressures exerted by a blast of .air under 12,2
water pressure issuing from a mozzle .015” in width
spaced one-eighth of an inch from a surface 60. . The

line 60 not only represents. the surface:but represents .

the zero :pressure. o
As shown in FIG. 13, the area 61 in which the work

surface 69 is subject to near-maximum pressure is only
slightly in excess of the -nozzle width and the pressure:

over this ‘area is quite high; being nearly equal to the
stagnation point pressure at the apex of the curve. From
this maximum the pressure falls off sharply to subatmos-
pheric pressure in the areas 62.at-each side of theé pres~
sure area.
it results in. a very. steep pressure gradient along the

The sharp. reduction is’ important because

8,176,412

_one-¢ighth of an inch to three-eighths of an inch as shown

by the vertical broken lines identified by arrows 83 and 84

-“in FIG. 15. Arrow 85 designates a vertical broken line

10

15

20

representing a distance of three-quarters of an inch of
travel of the jets from the nozzles to the work, this being
the top of what is regarded as a practicable range of jet
travel. FIG. 15 shows the effect of varying the distance

‘between the nozzles and the surface of the work with the

air temperature and energy constant. In making these
curves, the air-was held to a temperature of 400° F. and
the air energy was held at 0.4 H.P./ft2. “The curve 80

_was taken with the nozzles of 0.028 inch orifice one inch

apart. ~ The curve 81 was made with the nozzles one and
a half ‘inches apart and having openings 0.042 inch. '
- In the device of FIG. 11 I have shown a whole series.
of ‘drying rolls 216, 221 and 212.about which the web
29 is trained for drying. - As before, these may be as-
sumed to be the conventional steam-heated rolls ‘of 2
commercial dryer such as is in . general use in paper
making. . The bank of nozzles 50 in the hood 259 is here
placed -on the upper surface.of the roll 210 instead of
about one lateral surface as in the case of the roll 21. The
arrangement is otherwise identical.

. 'In the construction of FIG. 10 the rolls 213, 214 are

mere idlers and the web 20 to be dried is fed over a sup-
porting plate 78 with which the hood 251 is associated.
Although the work-supporting platen constitutes the sta-
tionary plate 79 instead of a roll such as those indicated

" at 21 and 219, the arrangement- of the nozzles 50 in a

30

surfacé of the work in the plane -of thé laminar boundary .

layer. This tends to subject the molecules constituting
the laminar boundary-layer to greater fluid shear, there-
by increasing the rate of molecular flow in a direction
such as to make the boundary layer thinner and increase
the rate of heat exchange and .of drying. - - )

With the nozzles spaced in-accordance. with preferred
practice; the resulting flow.is as.shown in FIG. 12, the max-
imum continuum_ along the surface between consecutive
nozzles being no greater than half the distance between

nozzles symmetrically in ‘both diréctions' from the point-

66 of impact to the intermediate areas of escape as indi-
cated by the arrows 67.- This is important in-view of the
analogy -hereinafter made to the Pohlhausen theory of

heat transmission through. the boundary layer and be-

cause it means that every part of the work surface-is-con-
stantly being exposed to.fresh’ and unsaturated - drying
air whereas previous dryers have developed a pattern of
flow in which the continuum is
with the entire surface. . - -
ence in pressure curve resulting-from spacing the nozzle
one-half -inch -from- the work-surface instead .of one-

practically coextensive =
- P
Comparison of FIG. 13 with FIG. 14 :shows’ the differ-
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bank ‘within hood- 251 is essentially the same
operation is similar to that above described. .
The principles underlying the invertion are as follows:
The problem is to remove:a vaporizable liquid from
the surface of the work which, in this instance, is repre-
sentéd by a moving web. - The vaporizable liquid may be

and the

“present in the web as a result -of manufacture thereof or

it may be present on the surface of the web as, for ex-
-ample, the result of a.coating-or a printing operation.
Regardiess :of the ‘depth to.which the liquid penetrates
the web, the vapor. must.always be removed from the
surface., ) S R .

-~ 'Wherever there is relative motion between a surface
and a -surrounding ‘gas  there exists  the -phenomenon
known as a boundary layer resulting from. molecular ad-

_hesion of moleculés of gas to each other and to the sur-

face. In-the case of -most dryers using air, the boundary
layer is turbulent at its surface and s generally con-
sidered - to consist ‘of :three distinct layers or strata,
the innermost, close to the surface:.of the drum, being
lominar, “Ontside of the laminar stratum there is a transi-
tion or. buffer stratum in which the molecules are less
closely ‘bound and outside of this there is a turbulent

_outer. stratum ‘wherein the molecules .are -bound to the

drum but capable of turbulent movement respecting each
other. To remove the moisture from the web-on the
surface ‘of . the ‘drum, heat is -caused to. pass- inwardly

. through the boundary layer and the vapor must move

eighth inch, everything else being the same. = It will be

noted from FIG; 14 that there is no longer any. area: of

sub-atmospheric pressure’such -as that 'shown at 62 in
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FIG. 13.  The -area -61¢ which: is- subject ‘fo. super-

_ atmospheric-pressure is much broader due to the expar-
sion of the jet from thé nozzle. “(The expansion-angle
‘is about- 6%°.) -For the same reason the pressure is

also. much less, - However, evaporation is still several:
in the wuse-of techniques: previously

times -as - great  as
_known. - - -

: “The -removal of the nozzle beyond three-fourths of -

an inch from the surface so far-diffuses the jet-and re-

duces its pressure as to result in'a drying loss so great in

relation to the: gains -otherwise-found in the use of-this
invention as to make it.impractical .to operate with:the
nozzle at a distance. in excess of three-fourths of an-inch
from -thie work.: See FIG..15. - The preferred range:is

65
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‘outwardly through that layer: . Heat and vapor transfer’

fhroﬂgh the -boundary. layer is relatively slow due to the
insulating: effect- of the gas.” It is: desirable to reduce

the thickness of the boundary layer and. thereby its in-

sulating effect. .- " B .

In- the-laminar inner- stratum-transfer takes place ex-
tremelyslowly by molecular diffusion. ' Thermal gradi-
ents ‘are very steep. In-the turbulent strata particles of -

“fluid*do not move in orderly fashion but move in eddies.

This. actioncauses rapid diffusion and therefore heat -
transfer: rapidly - -octurs with relatively :low. gradients.

The - inner- laminar “stratum presents: the primary ob-
70"

stacle to the movement of both heat and:vapor.
~Inthe past, the effort has: generally: been-to supply
substantial volumes of gas at relatively high. velocity.

-However; in sich:‘arrangements the velocity has to be

1§mitéd because, at least in-the drying of paper- or the
like, there is a-limit to the amount of velocity and: mass
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which the paper can stand without displacement of fiber,
and even disruption of the surface. By placing the
nozzles extremely close to the surface of the work, in
accordance with the arrangement previously described,
I am able to use higher velocities and lower masses of
air in a way to change the characteristics of the boundary
layer to maintain a laminar layer which is unusually
thin because of its short continuum, whereby to bring
about tremendous increases in drying rate without en-
dangering the surface of the work. However, if the
nozzles are placed too close together or if the ratio
of total nozzle area to treated work area is too large,
the flow from adjacent jets mutually interferes so that
a sudden loss in drying occurs.

In preferred practice the velocities at the nozzle orifice
are in the range of 10,000 to 20,000 feet per minute.
However, since the volume of air from each nozzle is
smell, the amount of power required is not excessive,
and at a ratio of nozele opening to surface area of two
to four percent the kinetic energy expended on the sur-
face is within safe¢ limits.

It is also a feature of the present invention that the
nozzies are quite close together about the surface of the
drum. This is true even though relatively greater space
is -provided for the exhaust of air and vapor between
nozzies than is possible in some of the prior art devices.
The advantage of having the nozzles close together is
that the more frequently and thoroughly the boundary
layer can be disrupted and its saturated air withdrawn,
the lower will be the Reynold’s number and the greater
will be the evaporation rate.

Primary purpose of the nozzle arrangement is to pro-
vide high heat and mass transfer coefficients in the film
of air on the surface of the material being dried. Since
mass transfer in an air film or the capability of the air
film to allow evaporation is largely a function of the
heat .transfer coefficient, the latter ‘will henceforth be
used for simplification but with the understanding that
it is essentially identified with the drying potential.
Furthermore, since most air dryers are capable of being
attached to an air circulation system which may pro-
vide air or other gas at various temperatures and humid-
ities, the chief criterion of the efficiency of an air dryer
is the heat transfer coefficient which depends to a large
extent on the geometry of the given dryer.

As has previously been shown, the continuum of the
boundary layer with respect to the surface of the web
consists of a length or distance originating at a point
on the surface directly under the nozzle which is called
the stagnation point and continuing to a point on the
surface: midway between the nozzles. The boundary
layer film developed under my nozzle arrangement is
highly analogous to the proposition stated by Pohlhausen
in his -development of a formula applicable to heat
transfer to or from a thin flat plate immersed in a deep
uniform fluid stream. (McAdams, “Heat Transmission,”
3rd edition, page 224.) The chief difference between
the Pohlhausen proposition and the case of this dryer
is that in the former a uniform fiow exists at the origin
of the continunm- and no pressure gradient exists in
the direction of flow, whereas in this dryer a pressure
potential exists at the origin which is rapidly converted
into high velocity flow with an accompanying steep pres-
sure gradient in the direction of flow. Beyond the point
where pressure potential has been converted into high
velocity flow and for the greater part of the contintum
the analogy is nearly exact.

- Little is known about the effect of a steep pressure
gradient on the boundary layer.

If a pressure gradient is imposed on the boundary
layer in the direction of flow, all particles in the flm
or boundary layer are subjected to the pressure gradient
in addition to the usual viscous drag and pull of verti-
cally adjacent particles. = Therefore, in the practice of
the present invention, it is believed that there is a region
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of very high fluid shear close to the surface in the im-
pingement area. This high shear is believed to be the
cause of the very high heat transfer and mass transfer
rates achieved by the present invention, as compared
with those predicted by the Pohlhausen formula cited
in McAdams supra.

I have rearranged the Pohlhausen formula and grouped
all of the quantities related only to the internal state
of the fluid in a single constant #n. The formula thus
modified is as follows:

Ve

hmn—-L—

As in the Pohlhausen formula L represents the length
measured from the source of flow over which the heat
transfer occurs. In my apparatus L necessarily is equal
to one-half the distance between nozzles, since the flow
under consideration is the flow between the point of
impingement against the work and the point at which
the gases and vapor escape from the surface of the
work (see FIG. 12).

In the Pohlhausen formula V is the stream velocity
which is comparable to the impingement velocity in my
apparatus. From this abridged formula it is apparent
that a greater heat transfer coefficient, hp, will result
with higher impingement velocity and/or shorter con-
tinuem length. In the actual measure of heat trans-
fer, I have found that the length L has an even greater
effect than indicated by the modified formula—probably
due to the high shear effect above referred to.

The impingement velocity is related to the velocity at
the nozzle orifice, the size of the orifice, and the dis-
tance of the nozzle from the surface. The formula,

V¢ D A\
V<QY+2Q>

relates these quantities according to my measurements.
V/V is the ratio of impingement velocity to nozzle
velocity with a limiting value of 1.0; D is the width of
the nozzle orifice; Y is the distance of the nozzle from
the surface. And & is a constant with a value of about
.13 related to the expansion angle of the jet. It is evi-
dent from the formula that increasing the distance of
the nozzle from the surface willi decrease the impinge-
ment velocity, and reducing the nozzle orifice will also
decrease the impingement velocity though not to the
same degree.

FIG. 15 shows the effect of varying the distance of
the nozzle from the surface. As will be apparent, the
heat transfer coefficient reaches a maximum at a point
near one-eighth of an inch spacing of the nozzle from
the surface. The chart shows that there is no material
advantage in spacing the nozzle more than three-fourths
of an inch from the work, The spacing should pref-
erably be kept lower than three-ecighths of an inch.

The effect of varying the orifice opening in percentage
ratio to heat transfer area is very clearly shown in FIG.
16 for different nozzle spacings. At all spacings the
heat transfer coefficient falls off very sharply below one
and a half percent and is seriously impaired above five
and a half percent, the preferred percentage range being
between two and four percent. .

It will be observed that in the above equation it is
assumed that the quantity in parenthesis is less than unity.
If it were above unity, the equation would cease to have
significance from the standpoint of the present inven-
tion. Unity is virtually reached with a nozzle .032 in
width and spaced from the work by one-ecighth of an
inch., The formula is verified in FIG. 15. The inven-
tion contemplates as one of its requisites that a rela-
tively high impingement velocity of the stream of drying
gases against the work, together with the relatively close
spacing between such jets of drying gases, be used to re-
duce the continuum and minimize the thickness of the
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laminar pmtxon of the boundary layer wl:uch is prox1-
‘mate the work. f the spacing of the nozzles from the
work ‘exceeds a value such that the value of-the above
equation exceeds unity, no further advantage is gained.

Thus there is little advantage in spacing closer -than
about one-eighth of an inch. Ideally the value of unity

for this quantity would be desirable.
Note further that it is desirable that the nozzle spacmg

from the work be several times. the orifice’ width-in order-

that maximum gas velocity will be developed at the im-

pingement point rather ‘than between the nozzle edge :

and the work.

As: compared with competitive equlpment my drymg
apparatus” exhibits several -advantages' not- heretofore
regarded .as possible of achievement.
much greater drying capacity my unit has demonstrated
the characteristic of very uniform drying across the .en-
tire width of webs up. to one hundred eighty inches wide
and more. The nature of my design also lends itself
to lngh thermal efficiency, yet requires low power. At
any -given kinetic energy the described nozzle arrange-
ment has at least thirty percent more-heat transfer than
any prevrously known - dryer.
curves shown:in FIGS. 15-17 will not-change substan-
tially ‘at any practical air ‘pressure. . However, - these

figures assume that the nozzles will be of the transvelselyi

clongate type herein shown.
My dryer. has consistently effected removal - from a

web surface of vaporizable liquid at the rate ‘of eight.:

pounds to twenty pounds per. hour per -square foot.of
_surface (depending on the apphcatron) by the use of
air only, without any other source of heat.. One unit
has removed sr{ty ‘pounds of water per hour per square

~In addition  to

10

‘ternozzle channels.

12

‘the noz7les is qmte umform over the ermre drymg area.
The flow: from the nozzles impinges on the surface and
is thus redirected to flow on the surface from the stagna-
tion point. opposite a nozzle to a point. midway between
nozzles where the air leaves the surface. This flow of air

at high energy on the surfacé insulates the surface from

the effect of spent air leaving the area through the in-
- The surface is_therefore contacted
only by the primary stream of air at uniform temperature
and humidity from the nozzles. The critical test of the
uniformity. of drymg for any air dryer is operatlon at
high temperature since. non-uniformity of drying is dc-
centuated by high temperature. In practice my apparatus

B has dried a web one-hundred forty-elght inches wide with
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The character of the -
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foot of surface in combination ‘with. a heated cylinder

and there appears to be a-‘possibility of still further»

improvement,

35

an air temperature of approxxmately 680 Fahrenheit with-
out measurable variation in dryness across the width of
the web leaving the dryer.

My device provides high drying capacuy and uniform
drying, and is at the same time ‘economical to operate,
Although it is conventional to use relatively high pressure
in the supply to ‘the drying unit, the flow through the
nozzles is 1ow; and at the spec1ﬁed ratios of nozzle area
to work area, low fan power is requxred (see FIG. 17).
In my apparatus the drying potential varies approx1mately
as the .24 power of the fan horsepower in a given design
‘of the device. .Therefore excessive use of power pro-
‘duces little benefit.” In practice'my apparatus requires air
driving power of approximately -one-half horsepower per

--square -foot of  drying surface w1th an air temperature
-of 200° F.

My ‘apparatus lends itself to the conservatlon of heat
in the drying process.. The first and last nozzles effectively
seal the drying area from the surrounding atmosphere.
In so doing half of the flow from each of these nozzles
escapes to the atmosphere, but in a drying apparatus such

" “as’ mine with ‘a relatively large number of nozzles; the

The previously demonstrated lngh drying capacity of .

‘my apparatus. has been successfully proven. In one cass
the addition of two of my devices to a paper machine dry-
er section-composed of twenty forty-eight inch cyhnders
increased the drying capacity of the machine in:excess
of-30%.. In another case a mew design of rotogravure
press with greaily reduced length of draw between decks
was made possible by the use of my drying device. In
each of these cases and in‘others the high -drying rate
in a short space has been a decisive. advantage:

40

percentage’ of the leakage is very low.  The remaining
‘edges of the drying area are sealed by maintaining close
clearances between the exhaust:curtain and the web sup-
port. . Thus it is'possible to recirculate a large percentage
of the drying air- without excessive loss. The air ex-

_‘hausted from such a system contains Jarge amounts of

‘vapor : which is conducive. to- high thermal ‘efficiency.

 Exhaust humidities in excess of .6 pound of water vapor

45 -

The great-heat and mass transfer coefficients of ‘my .

drying. apparatus and. method have- several incidental
‘When my dryer is-used in conjunction with -

advantages.
the usual-steam-filled cylinder of a conventional dryer,
a large portion of the heat required-for evaporation is
supplied to the web from:the surface.of the cylinder..'In
some - instances in the prior art the cylinder surface ‘is

50

:percent. of ‘make-up air.

to one pound of air have been measured.
Furthelmore, the very compactness of my dryer, doing
a given drying job. in- a very small area leads to high

".thermal efficiency since losses due to radiation and convec-

tion are less per pound of water evaporated

In practice my dryer can.operate with as little as ten
Typical steam consumption in
the use-of my invention is'1.25.1bs. per. pound of evapora-

' tion. My device requires-little space, has low heat loss,

so hot: as to develop high vapor pressure between the o

web. and the cylinder sufficient to force the web ‘away

55

from. the cylinder suiface, thus sharply reducing. heat -

transfer,
- pressure on the outer sufface of the web that the resulting
gradient of vapor pressure through .the web reduces the
tendency for the web-to “blow off” the cylinder.- More-

"The use of my invention so reduces the vapor :

60

over, the increased rate of evaporation from the surface - -

of the web sharply reduces the. temperature to which. the
web -is subjected and makes it-possible even to increase

the amount of heat-in the cylinder: beyond the . point

previously thought to be damaging tothe web.

requires little maintenance, is easy and safe to. operate,
has high’ produc‘non “capacity,-and is 1nexpenswe to pro-
duce.

I claim:

I.Ina web- dryer of the typein whlch the work to be

“dried is exposed to jets of ‘drying gas, the conibination

with means for advancing upon a’predetermined path
the work to be dried of a plurality of nozzles extending
continuously for substantially the full width ‘of the work

_ transversely. of such path and very narrow in the direc-
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" _ The uniformity of drying across the entire width ofa -

web secured in my “apparatus is. an- important result’.of
my nogzzle arrangement.
to obtain high drying capacities have- failed o be  prac-
tical is because they were unable to dry uniformly-across

The reason that: other: attempts.

the width of webs commonly used by industry. - In my, :

apparatus ‘the: turbulent mixing of air under pressure in

the pressure plenum insures’ uniformity of temperature

. and humldlty Since - the -pressure  drop through the

.-nozzle orifice is relanvely large, the velocity issuing from:

tion of movement of the:work, said nozzles being directed

toward the surface of’ the work to be dried.at a distance
of not more than three-fourths of an inch therefrom and
spaced not-less than three-fourths- inch and ‘not more
than two inches from each other, the ratio-of total nozzle
orifice-area to total exposéd work area being-no less than

- one and one-half- percent and no more than five and one-

half percent.
- 2..The device of cla1m 17in. wh1ch the nozzles com-

*pnse elongated ‘opposing walls- and means closmg the
- nozzles at the ends of said walls, the side margins of said

- walls being angularly convergent to provide nozzle slots

15

greatly elongated as. COmparedeith their width,-the said
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opposing walls of each nozzle being spaced from the
opposing walls of adjacent nozzles to provide clearance
for the withdrawal of gases from the surface of the work
against which jets of drying gas are directed through said
nozzles.

3. In a web dryer of the type in which the work to be
dried is exposed to jets of drying gas, means for jetting
gas upon the work and including a plurality of generally
parallel nozzles elongated transversely of the work to be
dried and directed toward the surface of the work to be
dried and having spaces between them for the escape of
gas which has acted upon such work, said nozzles being
spaced from the work at a distance of not more than
three-fourths of an inch therefrom and spaced not less
than three-fourths of an inch nor more than two inches
from each other, said nozzles having an aggregate open
orifice area totalling between 135% and 5% % of total
heat transfer area.

4. In a web dryer of the type in which the work to
be dried is exposed to jets of drying gas, means for jetting
gas upon the work and including a plurality of generally
parallel nozzles elongated transversely of the work to
be dried and directed toward the surface of the work
to be dried and having spacings between them for the
escape of gas which has acted upon such work, the ratio
of the total orifice area to the total area of the work
exposed to said jets being between two and four percent,
the distance between said nozzles approximating one inch
between centers and the distance from the nozzles to said
surface being not more than three-eights of an inch.

5. In a dryer, the combination with a hood and means
- providing a plenum chamber within the hood, of a plu-
rality of nozzles opening from the plenum chamber toward
the surface of the work to be dried at a spacing not to
exceed three-fourths of an inch from such work and
mutually spaced from each other at a spacing not to exceed
approximately two inches to provide inter-nozzle pas-
sages communicating with the hood externally of the
plenum chamber, means for supplying a drying gas under
pressure to said chamber for delivery at high velocity from
said nozzles, the width of each such nozzle being less
than the spacing between the nozzle and the work, where-
by the velocity of gas impingement on the work exceeds
the velocity of gas movement along the work, and a
circulatory system of which said means constitutes a part,
said system including a return conduit from said hood
and a supply conduit to said plenum chamber, the plenum
chamber having a wall opposite the work to be dried
which comprises a series of channels having base portions
.. connected to the plenum chamber, said channels having

opposing flanges, means connecting the flange of one
channel to the flange of the next at the ends of said
flanges to comstitute said nozzles between successive
- flanges, the space within the channels constituting said
return passages accommodating flow of gases from the
work to the hood, the side margins of the channel flanges
“being mutually divergent whereby the opposing walls
constituting respective nozzles are convergent at the tips
of said nozzles, the nozzle openings being greatly elongated
~as compared with their said width and being spaced from
each other between three-fourths inch and two inches,
center to center, the ratio of total nozzle opening to total
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work area being in the approximate range of 1.5 percent
to 5.5 percent.

6. The device of claim 5 in which the ends of respec-
tive channels extend beyond the plenum chamber, the
said means connecting the ends of the channel flanges
being disposed externally of the plenum chamber and the
base portions of respective channels being relieved ex-
ternally of the plenum chamber, whereby the interior por-
tions of respective channels are opened into the hood.

7. In a web dryer of the type in which the work to be
dried is exposed to jets of drying gas, the combination
with means for advancing along a predetermined path the
work to be dried of a plurality of jets elongated trans-
versely of said path and continuous for substantially the
full width of the work, said jets being very narrow in
the direction of the work and directed toward the sur-
face of the work to be dried and originating at a distance
of not more than three-fourths of an inch therefrom and
at a spacing of not less than three-fourths inch and not
more than two inches from each other, the ratio of the
total cross sectional area of the jets at their origin to
the total exposed work area being no less than one and
one-half percent and no more than five and one-half per-
cent.

8. In a web dryer of the type in which the work to be
dried is exposed to jets of drying gas, the combination
with means for advancing the work to be dried along a
predetermined path of means immediately adjacent said
path for establishing a plurality of jets directed toward
the surface of the work to be dried, said means compris-
ing nozzle slots elongated transversely of the direction of
advance of the work to be dried and continuous for sub-
stantially the width of such work and being at a distance
of not more than three-fourths of an inch from the work
surface and constituting means for spacing the jets not
less than three-fourths of an inch and not more than two
inches from each other and for giving them a total area
at said means of not less than one and one-half percent
or more than five and one-half percent of the total ex-
posed work area.
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