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Summary

The previous cxperimental and theoretical work on
the relationships between the rates of heat and mass transfer was
revicwed, Expcrimental work was conductcd in order to accumulate
sufficient data on the systom of a gas flowing over an object of
rectangular cross-section so that the rates of heat transfer, mass
transfer, might be related to the flow charactcristics of the system,
expressed in terms of the Reynolds group.

The expcrimental work was carried out in a pilot
plant continuous fibre drier, The fibre, moving through the drier,
becomcs compressed into the form of a continuous slab of rectangular
section. In the drier, the air flows at right angles to one of the
two larger surfaces of the fibre tow, giving the system desired,

Watcr was evaporated from the fibre tow and the rates of heat and mass
transfer mecasured during the constant rate period of drying over a wide
range of air conditions. The following cquations were used to
correlate the results,

hgl
D

|

f(Re,Se)

Nu = f(Re,Pr)
In order to investigatc the cffcet of the Schmidt group, liquids of
varying physical propcrtics, were evaporated from the fibre tow, the

experiments being similar to those carricd out with watcr, The results



were correlated by the following cquations,

hyl 0.76  0.33
Mags Transfer 4 = 0.24 Re 768c 3
D
0.70_ 0O,
Heat Transfer Nu = 0.32 Re 7 Pr 33

The ratcs of heat and mass transfer were compared using j factors
and jd/jh was found to be 1,05.

The drying characteoristics of a continuous fibre
drier were also inveétigated and the rate of drying curing the constant
rate period was found to be given by,

T4

aw

-6 0.

No method was found of predicting the critical moisture content under
varying air conditions. The factors influencing the rate of drying
during the falling ratc period were also investigated and diffusion
was found to be the controlling factor in the drying of fibre tows,
Investigations into the falling ratc neriod were carried out by
comparing the drying curve to that for diffusion from a porous slab,.
The time taken for the fibre to dry from the critical moisture content

Wo to some other value of moisture content (W) is given by the equation

2
" W ; WG _ s DF .
Wy = Wy ) a:2

The diffusion coefficicnt, DF’ was found to be influenced by



temperature, humidity, and air velocity. The cffect of velocity was

found to be related to the diffusion coefficient by the relationship,

Dp X 0+ 83

However the effects of temperature and humidity could not be expresded
in mathematical termS;

In order to obtain the rclationship for the falling
rate period, the equilibrium moisture contents over a wide range of

ambient air conditions were measured,



Introduction

The processes of heat and mass transfer are basic to
the many diverse operations of the chemical industry. In many of
these operations, such as distillation, evaporation, drying, eﬁc.,
heat and mass transfer occur simultaneously and are interrelated,

The cdﬁplete understanding of this relationship is desirable to enable
the accurate designing of process equipment, The types of
investigation into heat and mass transfer have varied widely, from
the theoretical studies of workers such as Nusselt(l), to the
empirical evaluations of specific pieces of process equipment,

The system which has attracted most investigation is |
that of a fluid flowing over a surface with heat flowing from the fluid
to the surface and magss from the surface to the fluids One of the
main difficulties associated with this work has been the lack of
knowledge of the region immedistely adjacent to the surface, Several
theories have been advanced, notably Prandtl's(z) boundary layer
theory. The experimental work relating to this system has been
concentrated on the investigation of the relationship between skin
friction, heat and mass transfer, In certain systems it has been
shown that skin friction is related to the turbulence of the fluia(3),
Thus attempts have been made over the last forty years to relate
turbulence to heat, and mass, transfer with a view to obtaining =

relationship between heat and mass transfer, Interest in this
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relationship is mainly due to the fact that in certain cases it is
difficult to obtain, accurately, mass transfer data. Whereas the
corresponding heat transfer data is relatively easy to obtain. Thus
it follows that a relationship between heat and masg transfer would be
extremely valuable in such cases, The systems investigated have

been many and varied as there has always arisen some doubt as to the
applicability of data obtained from one system to another system with
entirely different flow characteristics, This factor is extremely
important as in the basic units of the chemical industry the variationg
in flow characteristics are very wide. Thus it is desirable to apply
the theoretical and semi-empirical relationships proposed to as many

gystems as possible,
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1.2, Boundary layer Equationg for Heat and Mags Transfer.

When a gas flows over a liquid surface, any liquid
vaporised is transported away largely by convectlon, the diffusion
process being confined to a small region near the surface, The
process is analogous to & heat transfer process where heat is
transported away by conductioh through the boundary layer and by
convecti&n outside it, The zone within which there is a measurable
partial pressure gradient is called the mass transfer boundary layer,
At the surface there is also a velocity boundary layer .which may be
of different thickness. Thus in a process such as drying where there
is simulteneous heat and mass transfer we have three superimposed
boundary layers.

Consider an elementary volume with dimensions dx and
L near the surface from which there is mass transfer as in fig. l.l.
Let the normal to the plane be of unit length and the length L be
greater than any of the boundary layer thicknesses. The velocity
of the main gas stream outside the boundary layer is given by Ug)
the temperature by tg, and the partial pressure, of the vaporised
liquid, by pg, or the concentration by cg.  The surface velocity is

zero, the temperature ty, the vapour pressure p,s and the vapour
concentration cye At any distance y from the surface within the
boundary layer, the respective values of velocity, temperature, partial

pressure, and concentration are u, t, p, and Cys The totel pressure



P is assumed to be constant on any planc normol to the surface
within the boundary layer since the boundary layer is small,

Mass transfer through the planel-2 is éLpu dy end
over the length dx changes by %E Ig pu dy dx, In the steady state
the same amount must enter through the planes 1-3 and 2=4. On the
surface the velocity is v, and the velocity through 2-4 is V9
therefore by continuity,

vy = %i fg PUdy =V, oo oo e oo (1.1)
assuming the density p to be constant,

Since it is under steady state conditions the mass
carried by the flow through the plane 1-2 and out of it through the
plone 3~4 must enter the volume through the planes 1-3 and 2-4, Let.
the mass velocity of the vapour at the surface be L

Hence,

%w.=g§£LCUdy-V-1cs ® o o ¢ 8 ¢ 0 o & (1.2’)

Substituting for 1 and using partial pressures instead of

concentrations,

L
%-X-CJ; (pﬂ = p)u dy - prs = -RVTWW o e 0 s @ (1.3)

Considering the process as the steady state diffusion

of the vapour through the nondiffusing gas, it can be shown that,

‘=-D'P'QE ® 4 0 o v s @ s s & @ 1.
] g S (1.4)




Hence,

L

d
["pg = phu dy = D(a—?)w + v(pg = py) o0 v e s (15)

a
dx
The heat flow equation is found in a similar manner

using a heat balance on the volume elementi

d

L
W= g ] Optudy - Cptgm . (1.6)

Heat flow per unit area p

Heat is transferred by conduction and convection with the evaporating

liquid,
_ dt
qw - - k(a-};)w + Cptwvw LI N R I (107)
Cp is the specific heat at constant pressure per unit volume,

Using the continuity equation, equation (1,6) becomes

Ybg = thay = al) (g = t )V « o o o o (1.8)

§

If there is no mass transfer then the term v,; is zero and the equation

1

w

for heat transfer is as follows,

d .L _ dt
ﬁé(ts-t)udy“a(a})w......."..(1.9)
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Considering equations (1.5) and (1.8), if the partial
pressure differences are small compared with the total pressure, the
term v, is negligible and can be ommitted. This results in the
similarity equations of Nusselt(l) and Semmiat(4),

Heat Transfer

d Loy _ dt
= é (tg = th dy a(ay)w et e e e e e (19a)

Mags Transfer

gl

L dp -
é(PS-P)UdY D(a'};)w oooo....oo(lclU)

Since the equations are similar in form and similar to equation (1.9)
which is for heat transfer alone, the solutions for azll three equations
must be similar.

The above equations are insoluble since the
relationships between the terms t, p, u and y are unknown, They
have, however, been used by Eckert(5) to indicate the dimensionless

groups which are related,

_ - u -7 = dy
Let 1 = ! = 2 ' =Y V' = 4
ov v tg =ty u ug ’ ' E:, W x ’
ax = & L= I 11 of whi imensi '
= = = 3 » @&ll of which are dimensionless.

From equation (1.9),

d a,dv!
Ug xt éL(l - v'u! dy' = E(Hi' e e e e e e e (1411)
W



Divide by ug,

d L a dv'
cn— 1 =
dX' g (1 - V')u' dy X'us

......(1.12)

UeX
The dimensionless group —- is called the Peclet number.
a

%'XT ({L(l - vt dyt = (dv.) c e e (1013)

V' = f(ui, y’, Pe) e ¢ 6 ¢ & 8 v @ (lllA)

From the corresponding equation for momentum transfer using a

similar method it can be shown that,

u' = f(y', Re)
Hence v! = f(y‘, Re, Pe) ® o @ 0 8 e » ¢ s 8 e 0 @ (1015)
Pe = Pr
Re
V' = f(yl’ Re, Pr) S 6 o s 0+ & ® o 8 & e s @ (1016)
q = —h(ts = t) = -k( ) e ¢ ¢ ¢ o o o s o s o e @ (1;17)
In dimensionless form this becomes
hx  _ gyt
k (dyl) e o @ o ¢ ® o o o o o & (1018)

The left-hand side is the Nusselt number.  From equation (1.16),
v' is a function of the distance from the wall, y', Reynolds number,

and the Prandtl number. Hence the same must be true of the
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derivative dv!/dy' and the value at the wall must be a function of
Reynolds and Prandtl numbers, Therefore
Nu = f(Re, PI‘) e o & o ¢ o o @ (1019)

Similarly it can be shown that for mass transfer

-h%_L = f(Re,SC) R (1-20)

1.3. Theoretical Equations for Heat and Mass Transfer.

(6)

The original work was that of Reynolds who in

1874 deduced the following relationship between heat transfer and

friction,
h

C.G

:£ 000500000-00(1021)
P 2

(2) (7)

This was later extended first by Prandtl'™’, and then by Taylor ’

to include a laminar layer near the wall giving the following equation,

£
-—1:1—-: 2 "Oooos.(l‘22)
C G 1l -1 + r(Pr)

where r depended on the ratio of the velocity &t the
edge of the laminar layer and the average velocity of the fluid.
Von Karman(g) extended the above equation to include allowance for
the buffer region and based his velocity profile on the experimental
work of Nikuradse(g).

N

Eil(-} = 1 + 5\/.1 Pr - 1 + 1oge{l +g(Pr~l)}] o o(1423)
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A similar type of equation was derived by Boelter et al(lo).

f
- 2 (Ahax/atm)
C G :
¥ y; | Prp + logg [1 + Pr(% - lﬂ loge Re\é e oo (1424)

The above equations are in agreement with the general equation for
heat transfer, equation (1.19).

Sherwood(ll) transformed the heat transfer equation

(1.23) into mass transfer form, subsequently equation (1.24) was also

transformed., In both instances the procedure was to replace the
Prandtl number by the Schmidt number as indicated by the general
equations (1.19) and (1.20).

After considering equation (1.,22) and the corresponding
mass transfer equation,

hil
KePbm - /2

UaVP 1 - al + al(P

93
=) e ee 0w e (1,25)

Chilton and Colburn(lz) found that the correlation for heat transfer
could be improved if the term Pr2/3 was substituted for the denominator
of the right hand side of equation (1.22) and by analogy suggested

that the denominator of equation (1.25) be replaced by 802/3. Hence

the equations become,

n = = = 3
h ( ) 2 .......00(1026)
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= kcpbm ( H ) 2/3 = E ( )
—:’)_ﬁ 2 ¢ o e & 6 & o @ 1 . 27
Ut ‘

P
The term 'gm is included because in the transfer in one direction,
k.p
ctbm

4

the concentration of the component B may alter substantially and
has been found to be more nearly constant than k,. The terms jy and
jg have been found to be approximately equal to the friction term g

for certain cases such as streamline shapcs but in cases where the

form drag becomes appreciable, e.g. flow past bluff objects, this is no
longer true mainly because friction factors are usually calculated

from the total drag whereas the above equations refer to skin friction

only.

ls4e Review of Experimental Data.

In order to examine how far the theoretical
similarities in the processes of heat and mass transfer are confirmed
by experiment, the experimental work on several systems which had
previously been carried out for both heat and mass transfer was

considered,

l.4.1, Heat Transfer,

le4el.s1l. Flow through Pipes.

In this, as in most systems, the variables can be
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grouped together in three main groups, mass velocity (G=pV), &. shape
factor, and the physical properties of the fluid.

The effect of mass velocity was one of the first to be
investigated and was found to be given by the relationship

oG s e e e e e e e (1,28)
where the power n was quoted by various workers to range between 0,78
and 0.82, It is now generally accepted that the power 0.8 gives the
most satisfactory relationship for turbulent flow,

The effect of the shape factor has not been so well
established. The shape factor, in this case the diameter of the pipe,
is that dimension which determines the velocity profile of the fluid
and hence the degree of turbulence in the stream. From theory the

relationship predicted is
e ¢ =)
McAdams quotes a range of values for (1 = n) from -0,16 to =0.26.
However since the range of possible values of d is limited compared
to the range of mass velocity the reclationship generally accepted is
he d % L. .. (1,30)
The effect of the physical properties of the fluid is
expressed in terms of the Prandtl group, Cpp/k, and since the range

of variation for a given fluid is small, the power to which the group



is raised is given by a range of values, 0,3 to O.4. The value of the
power used also depends to a certain extent on whether the viscosity
is evaluated at the surface, film, or main fluid temperature.

If the combined effects of the variables are expressed

in the following relationship,

NMu = k Reo.8Prm e 8 ¢ 0 o o o o ¢ (1031)

the values of k and m given by various workers are shown below in

table 1.1.
Table 1.1,
Author Ref, k { m n
Hinton 13 | 0.0281 0,355 n
Dittus & Boelter 14 | 0,023 Ou4 vl
Sherwood and Petrie| 15 { 0,024 0.4 1)
Colburn 16 | 0,023 0,33 e
. 0,14 o
Sieder & Tate 17 | 0,027(u/us) | 033 | myus
If the value of p is taken at the film temperature, McAdams(lg) has

shown that the correlation of Sherwood and Petrie (15) which in its
original form gave a value of 0.4 for the power of the Prandtl number,
is altered such that value is reduced to 0,33, This agrees with the
work of Colburn(16) who found that

0.8Pr0.33

Nu = OQOZBNRG * * 0 9 & 0 e 0 » (1632)
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ledele2e Flow at Righteangles to a Cylinder.

The correlations for this system are in the same

general form as those for the previous system.

n
Nu=kRemPr 000000-0000(1033)
The powers of the Reynolds number and Prandtl number were obtained by

the same general technique as in the previous system, dividing the

variables into groups. King and Knaus(lg) have obtained the following

cquation for the casc of turbulent flow at right angles to a single

cylinder,

O. 56Pr0'3 [ ] ¢ o L] L] s @ ] . (1. 34)

(20)

Nu = 0,38 Re
In reviewing the work of several workers McAdams has reccommended
that the correlations can only be satisfactory over limited renges of

Reynolds numbers

fl

O,
Re 0.1~1000 N (0s35 + 0,47 Beo'52)(Pr 3) e oo (1e35)

O'6Pro'3

i
It

Re 1000-50000 Nu 0e26 Re c o s o0 oo (1.36)

+
The accuracy claimed for the above correlation is -~ 20 per cent,

le4e2e Mags Transfer,

104. 2.1. Wetted Wall Columng.

Extensive work on evaporating pure liquids into an air

stream using a wetted wall column was carried out by~Gilliland(21).
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The liquids vaporised included water, toluene, aniline, chlorobenzene,
ethyl acetate, etcs The apparatus consisted of a 1 inch diameter pipe
down which the liquid flowed and a gas, air, is blown upwards. The
tu.e was 18 inches long with calming sections at either end, The
following empirical equation was derived for the experimental data

obtained,

ﬂ 0.83 0,
1_{%: E_-grn- = 0.023 Re BSC 44 e & 8 s 8 s ¢ o @ (1.37)

The above e-uation differs from the Chilton-Colburn equation in that the
power of the Schmidt number is 0.44 as against 0.67 in equation (1.26).
Since the range of Schmidt number investigated was from 0,6 to 244
this diffcrence is of little significance.

Similar work has been carried out by other workers

(12)

including Barnct and Kobe'22), Chilton and Colburn'l?’, Uchida and

Maeda(ZB), Kerbs(24), Greenwalt(25), and Coonn and Cogan(26). Typical

values for jd arc shown opposite in fig. 1.2. Johnstone and Pigford(27)

extended this type of work using the wetted wall column for the
reetification of liquids, The mixtures used werc ethanol-water,
acctone ~ chloroform, benzene = toluene, etcs This gave a range of
Schmidt numbers of 0,54 to 0,72, The results were correlated by the
following cquation,

0.23

= 0.033 Re— ¢ o o o & 9 s o @ (lt38)

Iq
These results were confirmed by cxperimental work of Jackson and
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Ceagelske(zs) who studied 2-pentanol water system under total and

partial reflux,

1.4;2.2. Plane Surfaces.

Evaporation for a liquid surface to an air stream is
one of a number of standard systems which have been investigated
extensively, Such investigations have ranged from those of
m.teorolozists in reservoirs to those of experimenters working in wind
tunnels to obtain data on the rates of evaporation of wvarious liquids.
It is the latter type of investigation which is of intercst in the
general study of hoat and mass transfer., Tho earliest studies of
evaporation were by Dalton in 1802 who found that the rate of
evaporation was proportional to the difference betwoen the vapour
pressure of the liquid surface and the partial prossufe of the 1iquid
in the air streem. Hinchley and Himus(zg) confirmed this using small
rectangular heated pans in a wind tunnel. They recommended &n
empirical equation which related‘kg as-a linear function of the air
velocity, Iurie and Michailoff(so) studied the rate of evaporation
of water from pans flush with the floor of a wind tunnel, The air
speod wes varied up to 25 ft/secs Powell and Griffiths(Bl) used
heated flat horizontal pan which was placed ncar the centre of a
wind tunnel. The surfacc of the pan was linen which was wetted from
the liquid below, the idea being that the linen presented a flat

surface parallel to the air flow preventing the air impinging on it
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at an angle giving exaggerated results. The rate of evaporation was
found to be similar to that from a free liquid surface. This work
was cxtcended to organic liquids by Wade(Bl) who studicd the rates of
cvaporation of acetonc, benzene, ethyl acetate, toluene,
trichlorocthylene ctc,  Similar work of this type was also carried
out by Hinc(33) and Pasquill(BA). During their investigations Powell
and Griffiths(Bl) investigated the offcct of blunt leading cdges and
obstructions likely to altcr the flow pattern of the fluid., They
found that by placing a ridge in front of the leading ecdge of the wet
surface the rate of evaporation could be increased by up to 30 per cent
when the height of the obstruction was 3 inches. This demonstratces
the care rcquired in comparing work of this type.
Some of the experimental data obtaincd by the above

has been transformed by Coulson nnd Richardson(35) into j factor form
and is shown in fig. 1le¢3. with thc cquation for heat transfor included

for comparison.

le4e2.3s Cylindors.

The system of a fluid flowing at right angles to the
axis of a cylinder has been investigated by scveral workers. POW011(36)
used eight cylinders of various diameters, 0,046 to 1l4.6 in., and varied
the air speed up to a maximum of 32 ft/secs He only considercd the

case where water was cevaporating from the wet surface of a cylinder,

Lohrisch(37) considered the system where waber was being absorbed
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by solid cylinders of caustic and also thc system where ammonia was
absorbed by cylinders wetted with phosphoric acids  The results of
Powell and Lorisch agrce with the Chilton-Colburn equation and are
shown in figJl. Vint(38) extended the work of Powell to include
other liquids, toluene, and n-butyl alcohol, Other systems
investigated include the rate of solution of cylinders of benzoic acid
into water. This work was carried ocut by Linton(ag) who also studied
the ratcs of solution of cinnamic acid. The effect of turbulence on
thc rates of heat and mass transfer from wet cylinders was studied by
Comings, Clapp, and Taylor(AO). By increasing the turbulence by the
uso of turbulence promoters, they were able to incrcase jh by from

2 = 20 per cent by an increase of about 25 per cent 'in turbulcnce.
Maisel(41) found that the mass transfer coefficient could be increased
by as much as 50 per cent by increasing the turbulence by from 3.5 to

24 per cent,

l,4¢2,4. Spheres,

Mass transfcr to spheres in a turbulent air stream has
been investigated by several workers, In several instances they have
correlated their data in a form other than the simple power form of

equation (1.19) used in the previous systems.s In order to eompare most
of the data the following general equation was used,
Sh = A + B Re,BSch e oo e a e e (1.3)

The values obtained by several investigators are shown in table l¢2.
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Table 1.2.

Author Ref.| A | B m n Range of Re
Frossling 42 1 2 10,55} 0,50 | 0,33 | 2-2000
Powell 36 1 010.3310,59 | ~ 650-45000
Williams 43 1 010.43]10.56 10,33 | 400

Garncr and Grafton 44 144 10,48 10,50 10,331 100-1000

Garner and Suckling | 45 | 2 [0.95 ] 0.50 [ 0.33{ 50-600

l.4e3. Conclusions from Review of Expcrimental and Theorctical Data,

From the rcview of data the similarities bctween the
processecs of hcat and mass transfer, as indicated by cquations (1,19)
and (1.20) are partially substantiateds If onc systcm, flow of a
fluid through a pipe, is taken as rcprescntative, it can be secn that

while for hcat transfer the rclationship is

0.8 O,
NU. = 0.023 Re Pr 33 ¢ o o & o ¢ @ (1032)

the corresponding systcm for mass transfer lcads to the following

expression

0.83800.44

!h"

p
C_@_I.E_lm = 0.023 RG e o ® s o & o (1037)

D

Therc are slight differcnces in the powcrs of the Reynolds groups in
both equations as well as the diffcrcnces between the powers of Prandtl

and Schmidt groups. The significanece of these differences is shown in
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fige.l.2.whcre the data of Gilliland, on which equation (1.37) was based
and scveral others is comparcd to the corresponding jh valucs. It
appears that in gencral when heat and mass transfer is expressed in

terms of jh and jd the term jd is slightly greater than jh. This
(46)

slight incquality has been confirmed by Gemson ¢t al, and several

(47, 48)_

other workers The actual extent to which the recorded
variations in this inequality dcpend on the system being investigated

is uncertain and requires further investigation,
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Evaporation from Fibre Tows

From the provious section it is evident that there are
soveral features which are desirable in a system whose heat end mass
transfer characteristics arc to be investigated., Of primary |
importance is the gcometry of the system which should be simple &s it
is difficult to assess the effeccts of the physical dimensions on the
degree of turbulence in a complex system, In order to limit the |
number of complications the systcm should be a single film one, thus
requiring the effects of diffusion through one film only to be
considecred, It is also desirable that steady state conditions should
be maintained throughout the investigation. Hence the continuous

fibre drier was chosen as fulfilling the above requirementse.

2.2, Continuous Fibre Nrier,

The continuous fibre drier is in essence a rectangular
sectioned object of indefinite length over which an air stream passes at
right angles to the surface., This system was studied by Powell(aé)
for the purpose of comparing the results with those obtained in the
‘system where the air stream is parallel to the surface. Powell used
& pan in a wind tunnel for the experimental work.

In investigating a system of this type one of the most
important factors influencing the rate of evaporation is flow pattern

of air stream surrounding the object, In this system therc are two

possibilities (a) as shown in fig. 2.1., whoro there is a rogion of
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static air near the down streem surface of the object, (b) as shown
in fig, 2.2. where the streem lines join forming a vortex street.

The latter is more likely as in his investigations into rates of
evaporation Powell measured the rates of evaporation from the down
stream surface and found them to be not very much lower than those of
the up stream surface, Other proof available is the fact that
experimental drag coefficient is considerably greater than the
theoretical value(Ag) calculated on the basis of a flow of the type
in fig, 2.1,

Since it is impossible to measure the rates of
evaporation from the individual surfaces in the present apparatus the
total evaporation is used as the basis of calculation although the
type of flow is different in both surfaces, This is similar to the
basis used in the study of heat and mass transfer from cylinders and

spheres,

2.3. Drying.

Drying is a term which is usually used when referring
to the process of evaporating liquid from a solid by means of heat,
usually accompanied by the removal of the vapour by a gas. It
1s a process which takes vplace in stages depending on the liquid
content of the solid, In general there are four main stages,

(a) this stage covers the period when the solid is heating up to the

wet bulb temperature of the ambient gas, (b) during this period the
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solid appears to act as a liquid surfacec and the rate of evaporation is
controlled by the same laws, (c) there is now insufficient liquid at
the surface to saturate the gas in contact with it and the rate of
evaporation is controlled by the rate at which the liquid moves to the
surface, (d) the surface is now dry and the plane of separation of the
1iquid and the gas has retreated within the solide The period (a) is
of little importance, period (b) is considered to be governed by the
same laws as a free liquid surface, This has been demonstrated by
Powell(Bé), and Gilliland(50) has shown that the rates of evaporation
during this period are independent of the materials from which they are
evaporateds, The values for the rates of evaporation under constant

conditions arc given in table 2,1,

Table 2. 1.

Material Rate of Evaporation lb;
ftehr.
| Water 0.55
Whiting pigment 0,427
Sand 0,407 - 0,488
Clays 0,468 = 0,55

The rate of drying under these conditions is calculated using the
equation obtained for the diffusion of a vapour from a liquid into
a gas.

dwv - x4

—— -

= 2 (g =p) L. (21)
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where %% is the rate of evaporation 1b/hr., Kg ié the mass transfer
cocfficient,
pg is the vapour pressure of the liquid at the surface
temperature,
Pg 1s the partial pressure of the liquid vapour in the gas,
a is the surface area.
If h is the heat transfer coefficient from the air to the wet surface
and At is the temperature difference between the air and the surface,

it follows that,

d -~ ha At
Eg - 2 where o is the latent hoate o o (2.2)

The rate of evaporation is also a function of the
velocity of the gas stream and the direction of the gas flow,
Powell and Griffiths(5l) found that it also depended on the shape of
the éurface, obtaining the following equation,

Velocity u, between 100 and 300 cm/sec.

v - =7 _0.77 0.85
e T 212x10 L B (pg- g1 +0,2121u ) ... . (23)

where L and B are the length and breadth of the surface.
During the periods (b) and (c¢) the rate of
evaporation tends to fall with the decrease in the moisture content
of the solid, The controlling factors in the falling rate period are

very complex. In several instances one particular factor is so



-2 -

dominant that the effects of the others can be ncglected, The two
factors which have been found to be most important are diffusion and
capillary action, The texture of the matorial and the manner in which
the moisture is bound to the solid determines which is the most
important.

2.3,2. Movement of Liquid within a Material during the Falling - Rate
Period,

2.3.2,1s Movement by Diffusion,

When the surface layer of moisture on a material has
been partially removed, the surface concentration is then lower than
the concentration in the layers below the surface, thus sctting up a.
concentration gradient, This gradient causes the moisture to migratc
toward the surface, This migration has bcen compared to a state of
unstcady state diffusion in one direction. The general equation for .

a proccss of this type is

2
aw dw
%—D""E 00000000'00(2'4)

where W is the moisture concentration
& 1s the time
D is the diffusivity
x 1s the distancc from the centre of the material
to the surface.

(53)

Sherwood(sz) and later Ncwman applied the above
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equation to problems of diffusion from various differently shaped
objects, & slab, a cylinder, and a spheres The most useful one being
the slab with sealed edges.

Consider a slab of thickness 2a, W as the moisture
content at any time e, W, is the moisture content at the beginning of
the diffusion period, W, is the equilibrium moisture content, the

equation bccomes

g 2 2
sl
W= W, _ 8 | -De(2E) - 9De(2%) 3
7 §e 'H’le *-—)00(205)
- Vg ﬂ 5
It was also stated that a simplificd version of the above equation

gave a fairly good correlation for the falling rate pericd.

2
e = 4o 1in W - we

"—""2' — 0-000000(206)
Dr Wy = Vg

This form of equation is applicable only when e is larges Newman
also gave other simple cxpressions for the falling rate period.

The above expressions assume that D, the diffusivity,
is constant and that W, is also constant, The diffusivity has been
found to be influenced by moisture content, humidity, and temperature,
The variations in diffusivity due to these factors was noted by Bateman,
Hoff, and Stamm(54), and also by Hougen, McCauley, and Marsha11(55).
The latter commented on the limitations of this type of approach and

the types of materials to which it is applicable, Van Ardsel(56)
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considered integrations of equation allowing for variations in
diffusivity, developing agraphical method allowing for the variations
due to moisturc content in the drying of hydrophobic sclids at low

moisture contents.

In diffusion studies, the resistancc cf the solid to
moisture movcment is referrcd to as the permeability when the driving
forece is vapour pressurc, and diffusivity when the driving force is
moisture concentration. The diffusivity is related to the permeability
by the following cxprcssion,

P dp
g dT

e e e e e e e e e (2,7)

d
where a% is the moisture content - vapour pressurc isotherm of the

material, If the permeability varies the diffusion equation becomes,

dT 1d, 5
—— = —"'""""P__',P_‘ ® & @& ¢ ¢ e 6 2 a a @ .f‘
de s dx ax) (2.8)

where s is the mass of dry solid per unit volume.,

(56)

Using this equation Van Arsdcl evaluated approximate
numerical solutions for an infinite slab, a sphcre, and also a long
cylinder, He also investigated the relationship between the change

of permeability with moisturc content and the drying rate curves.

He found that the curves werc comparable but therc was no simple

relationship between the shape of the permeability curve and the form

of the drying rate curve.
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2. 3. 2,2, Capillery Control.

Whon the moisturc associatcd with thc solid is bound
to it in the porcs of the metcriel as a liquid it is subject to
movement by gravity and capillerity if the pores are continuous.

This is sometimes the case in textiles, paper and leather as well &s
granular solids.

Water may flow from regions of low concentration to
those of high concentration if the pore sizc is suitable. It was for

(57)

this and other recasons that Ceaglske and Hougen suggested the
Capillary theory. The importance of the pore spaces between the
granular particlcs was first noted by Slichter(58) when studying the
movement of moisture in soils. Later this work was cnlarged by
Haines 57) who showed that various configuratioﬁs were possible in beds
of spheres,

When water evaporates from a bed of spheres, the water
reccdes in the waists between the particles of the top layer and a
suction potential is devecloped in the liquid, When the menisei of

these cubical waists have reccded to the narrowest section, the suction

potential at the surface can be cxpresscd as

n = e 280

S rpg [ ] L ] ® * L] . . L] . [ ] L] L ] (2.9)

o = the surface tension
r = the radius of the sphere

p = density of the liquid,
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Purther evaporation results in hajincreasing so that
the menisci on the surface cubical waists will collapse and the larger
pores will open, As hg steadily increases the entry suction of the
progressively smaller surface waists will be reached so that the
menisei collapse into the adjecent pores which are thereby opened,

Since most granular materials are of non-uniform
particles, the suction potential cannot be calculated and must be

found experimentally by methods uscd by Haines(éo) and Newitt et algél)

62
or in the casc of textiles the mcthods of Precston and Nimkar( ).

2¢3¢3¢ Through-Circulation Drying.

The through circulation drying of various materials,
ranging from stcel pellets to scawced, has becen investigated thoroughly
resulting in the publication of a largc amount of data, Marshall and
Hougon(63) investigated the drying characteristics of various different
materials, They found that the drying rate during the constant rate

period could be given by the expression,

gg _ 0.81
de—-kG (HS-Ha) oocuoooo(zolO)
where G = air velocity
H, = saturation humidity

s
Hy = air humidity

k varied from 3 for clays to 220 for fibres. Similar type of

investigation was carricd out by Gamson et al. %) who studicd tho
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through circulation drying of catalyst pellets and correlated their

results with the following equation,

dw 0.42 & G0'59AHm
de 0 Dg‘Al
where D = mean particle size (ft.)
p = bulk density (1b/£43)
a = drying area (ftz/ft3)
AH = log., mean humidity difference (lb/lb).
G = mass velocity (lbir?r§£?%r)
dw _ 1b, water
de hr,Ib, dry maverial

Wilke and Hougen(64) extended the work of Gamson et al.(46) to streamline
flow and gave expressions for the constant rate period.

A large proportion of the work on through circulation
drying has been done with particular reference to the drying of fruits
and vegetables, Marshall(és) gave details of experiments using fruits
and vegetables at different loadings, also varying the air temperature

and velocity., He suggested that correlations for the constant rate
period could be more relisbly correlated using heat transfer

coefficients. He suggested the following correlation,

aw

= = hA (tg - tg) e oo e e (2012)
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Brown, Kilpatrick and Ven Arsdel(66) presented their experimental data
on the drying of potatoes in the form of a nomograph, Special.
attention was paid to the problem of obtaining an even air flow
| distribution. This was achieved using a perforated sheet giving &
high pressure drop across it. Ede and Hales(67) investigating the
dehydration of fruit and vegetables found that through circulation
drying was more suitable for fruit than vegetables which tend to
shrink and matt'giving uneven air flow conditions.  Other products
which have been dried in this manner inelude grain, grass, sugar bect,
meat, and seaweed, Of the latter group of materials, Gardner and

Mitche11 (68)

, and later Potts and Mitehel1(69), employed wet bulb
depression methods to establish a prediction method for certain
varieties of seaweed, This investigation was extended to include &
general study of vegetable materials by Potts and Mitchell(69), and
Hughes and Mitchell(7o), who appliced single layer techniques to deeper

beds,

2e3¢4e Drying of Textiles.

The drying of textiles is usually performed ﬁith the
yarn in skein forms The drying of rayon skeins was investigated by
Simons, Koffolt, and Withrow(7l) who dried yarn which had been previously
centrifugeds They used a through circulation drier, placing the skeins

on trays. The air conditions were varied widely, temperature, humidity

and mass throughput. Since the material had been centrifuged before
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drying the results cover the falling rate period only, They were

found to satisfy the following equation,

dw — 1.24 Gl'47 AH,. w. : e« 8 8 8 o ® & o @ (2013)

T =

rate of drying 1b/hr. per 1b. dry stock

where dw/de
G = mass throughput 1b/min per sq.ft., area
AH = humidity difference
W = free moisture content of stock,
The through circulation drying of rayon staple was studied by Coles(72).
The drying of thick porous bodies was investigated by
Nissan, Keye, and Bell(73). They studicd the falling rate period of
the drying of terylene which had becn woven ad wound on to a bobbin
with an aerodynamically shaped cnd. The bobbin was placed in a wind
tunncl such that the terylene surface was parallel to the air stream.
The experiments were repeated ﬁsing wool in place of terylene, From
the results of their studies of the rates of heat transfer and the
temperaturc distribution at wvarious depths, they proposed a pseudo wet-
bulb temperature for the falling rate periods Much of the work on the
drying of textiles has been conducted with a view to studying the rates
of drying of various materials when manufactured into different types
of garments., An example of this type of work is that of Coplan(74)

who dried socks of various synthetic fibres.
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2.3.5, Textile Driers,

The type of drier most widely used in the textile
industry is the tunnel drier. This consigts of a continuously moving
belt on which are hooked skeins of yarn, Air is blown past the yarn
as it moves through the drier., This type of drier has the disadvantage
of discontinuity at the entrance and exit of the dricr. The yarn has
to be in skein form before it can be dried thus the drier cannot be
used where a continuous fibre tow is desired.

There are two types of driers which are used to dry
continuous fibre tows, the through circuletion conveyor type and the
continuous tension typc. In the former the fibre is fed continuously
on to a chain type conveyor belt, the feed scanning the width of the
belt to sprcad the fibre cvenly in a singlc layer over the cntire area
of the belts The air is blown through the fibre and recirculated.

This type of drier tends to have interruptions in continuity due to
entanglement at the off take ond of the conveyor, This can be overcome
to a certain oxtent by withdrawing the fibre vertically downwards from a
secondary split conveyor belt. The alternative is to use the continuous
tension type of drier,

In the continuous tension drier the fibre is wound on to
a drum under tension, Air is blown out from the central shaft of the
cage through the fibre. The fibre which is wound round the cage many

times is moved along the cage cither by using a skew roller or a tapered
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cage. The tension at the off-take end of the cage is maintained by

a pair of adjustable rollers.

2e4e Artificial Fibres.

The main fibre used in the experimental work was Ardil,
a protein fibre, and for comparison several experiments were carried out
using Terylene, a polycster fibre. These two fibres arec representative
of the two main groups into which artificial fibres can be subdivided.
The two groups are gencrally refcrred to under the following headings,
Regenerated Protein and synthetic. These two groups have very distinct
differences in their properties, in gencral protein fibres are
hydrophylic whercas synthetic fibres are hydrophobic, This example
of the difference in properties is very important in the drying of the

fibres,



APPARATUS AND PROCEDURE.
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3s1, Apparatus.

The apparatus used was the continuous fibre drier
shown in fige3.l. The drier congists of & high pressure centrifugal
blower which discharges air into a heater., The hot air from the
heater pasges through lagged flexible ducting to the drying drum,
entering the drum through the hollow shaft and flowing out radially
through the holes in the shaft wall, The air from the diffuser
passes over the fibre which is wound round the perimeter of the drum,
The drum is totally enclosed in a lagged compartment, The air
extracted from the compartment, or drying box, and the amount
recirculated is controlled by a system of butterfly valvess

The fibre is drawn off the storage drum by a pair of
adjustable rollers, then passing through & U-~tube in which water
flows co=current with the fibre tows On leaving the U=-tube the
fibre is pressed between a second pair of rollers which remove a large
proportion of the a@ssociated moigture, The fibre is then put under
tension by passing it over a tensioning roller, The tension is
increased as the fibre passes from the tension roller to the main
drying drum, On leaving the tension roller the fibre passes through
the inlet in the side of the drying box before being wound, between
eight and eighteen times, round the drum and the skew roller,

The fibre, leaving the drum, passes through the outlet in the box wall

on to the off-take rollers, again under additional tension, From the
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off-take rollers the fibre is wound on to a storage drum.

Feles Drying Drum,

The drying drum, shown in fig, 3.2 consists of a 4 3/8"
diz, hollow shaft on to which are bolted two stainless steel, 16 1/4"
dia., plates, The drum shape is completed by 16, 1/2" dia,, stainless
steel rods which are bolted to each of the end platese The shaft ie
supported on two 1" white metal bearings and driven by a 9" dia,
The shaft has 3/4" dia. holes at 1" centres drilled in the wall between
the two end plates, Each of the holes has a piece of angled blading
press fitted into it to varying depths depending on the poaition
along the shaft and in addition there are deflector plates along the
ghaft at regular intervals. The blading and the deflector plates are
made of aluminiume Wire mesh is wound round wooden formers which are
14" diae The drum also carries two seal rings which prevent air
leskage from the drying compartment where the shaft passes through

the wall and from the flexible ducting where it joins the shafte

3ele3. Skew Rollexn,

The gkew roller is a 2" dia, stainless steecl shaft
with a bearing at one end, The bearing is carried in an end plate,
This end plate is bolted to & fixed plate (A in fig, 3.3) in such a
manner that the axis of the roller can be altered relative to the

plate A, This is achieved by six screws, three of which are screwed
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through the plate A and press on the end plate of the roller., These
screws fix the position of the roller. The other three screwa pass

through the clearing holes in plate A and are screwed into the roller
end plate, The latter screws fix the roller to the plate A and lock

it in the angle fixed by the other three screws.

5ele4e Drying Compartment.

The drying compartment is a box constructed of 1/4"
thick asbestos sheet and lagged with 1" thick fibreglass insulation,
There is a window on one side which allows access to the drying drum
which is insidc the compartment, The window is of double glass with
a 1/8" space between the sheets, It is opened by lifting vertically
and can be locked in the upper position. One of the walls hag two
4" squarea cut out of it to allow the fibre in and out of the
compartment, The inlet and outlet have perspex sliding windows to
cut down leakage to a minimum, Extraction ducts are connected to the

top and bottom of the compartment,

3elebe Heoter System,

During the initial period of operation of the plant
an clectric heater was used, however latterly, when solvents other
than water werc used it was necessary to install a steam heated

exchangcr,
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3.1¢8.1. Electric Heaten.

The clectric heater was constructed of 1/4" thick
asbestos sheete It was 12" squere in cross—section and 36" longy
including the end pieces to connect the heater to the fan outlet at
one end and to the eircular ducting at the other, The end pleces
were of sheet metol and the whole heater was lagged with 1" thick
fibreglass insulation. The interior of the heater was subdivided
by baffles which werc supported on rods fixed to the base of the
heater, Holes werc bored in the baffles, nichrome coils were woven
through them and the ends of the coilg were connccted to a panel on
the outside of the heater. Four coils were used in the heater, one
with a maximum output of 4 kwe. on a 250 volt supply, the other threec
each have an output of 2 kwe Each of the heating coils could be
switched on individually, One of the 2 kw, heaters was connected
to a Variac voltage regulator, This arrangomept allowed the total
input of the heater to be varied over a range 0-10 kw, with a fine
degree of control. The Variac was linked to an air actuated motor,
the input to which was controlled by a Honeywell-Brown three term
controller., The input signal to the controller was the voltage from
a thermocouple placed in the duct leading to the drying drum, The
controller maintained the air temperature to within + or = 1/2 a

degrec centigrade,.
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3.1.5.2, Steam Heater,

The steam heater was fabricated with sheet stool.
It consists of two separate banks of heaters bolted together and to
the end pieces which join them to the fan and the ducting as in the
electric heater. Each bank of tubes consists of two rows of finned
tubes. Each bank of tubes can be controlled individually. The
steam heater also has provision for injecting live steam into the air

duct*

3,1,6* U - Tube,

The U-tube is made of glass and has an overflow which
connects it to an overflow tank. The overflow tnfc is connected to
a centrifugal pump which pumps the solvent to an overhead tanlc which
is fitted with a thermostatically controlled heater. The feed from
the tank to the U-tube is by gravity, A proportion of the feed is

used to spray the fibre as it passes through the first set of rollers,

3,1,7, Transmission¥*

The power to drive the drying drum and the ancillary
rollers is taken from a Kopp Variator motor* The motor is connected
to the first lay-shaft by a chain drive with no speed reduction. The
first lay-shaft drives the second with a 2:1 reduction in speed*  The
second lay-shaft transmits power to the drying drum through a clutch

without any further reduction in speed. The output side of the clutch
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is conneg¢ted to arthird loy-shaft, the speed being increased by 3.04 : 1
There is a further increase in speed in the drive connecting the third
lay-shaft to the off-toke rollers, Thc off-toke rollers consist of
three rollers, two rubber rollers which are driven and a third roller
which is of aluminium and is free running, The aluminium roller can
be adjusted to give varliations in thc pressure between it and the
other two rollerse |

The first lay=ghaft drives the tension roller with a
2:1 inorease in speeds A drive from the tension roller conneccts it
to the second pair of rollers with another increase in speed of 1,81 : 1
The two pairs of rollers arc connected to a Croft speed variator which
allows the speed of the first pair to be altered relative to the
gecond pair, There is also a drive from the second pair of rollers
to the shaft which carries the exit storage drum. There is o friction
clutch on the shaft which ig adjusted so that it slips when any tension

occurs as the fibre is wound on to the drum.

3e¢le8, Ingtrumentation.

3ele8ele Air Temperature,

The air temperature is controlled and continuously
recorded by a three term automatic controller, Thig gives the
temperature of the air stream at a position in the duct before it

enters the driers The corresponding temperaturc of the air as it
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passes over the fibre is obtained by calibrating the drier with the

drum at rest. Thus a series of calibration graphs are obtained for

each temperature and air throughout.

3e1l¢8.2. Fibre Temperature.

The surface temperature of the fibre is measured
indirectly since the ambient temperature in the drying compariment
ig greater than that of the surface. A thermocouple is used to
measure the temperature difference between the air stream and the
surface, using the surface as the cold junction. Hence the
temperature of the surface could be calculated as the temperature of
the air is known. The cold junction is embedded in a plastie block,
as shown in fig.3.4 to prevent it becoming entangled with the fibre
and also to enable the ambient air to be excluded from the area
around the junction. The latter condition is achieved by arranging
the block so that it is pressing against the fibre tow, This
arrangement has the disadvantage of tending to interfere with the
moisture distribution, so this method was only used in those
experiments where the falling rate period was being investigated, as
the effect at such low values of moisture content appeared to be
negligible. During the constant rate period it was found that
reliable results could be obtained by measuring the temperature,
using a block as shown in fig. 3.4 at the outlet from the drying
compartment, The effect of friction heating the block appeared to

be negligible,
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3ele8.3., Humidity.

The humidity in the circulating air is measured in
two ways, (a) wet and dry thermometers, (b) dew-point apparatus.

The prineiple of the dew=~point apparatus is that,
when the temperature of a highly polished metal surface is lowered,
at a certain temperature the surface becomes cloudeds Thig cloudiness
is duec to the vapour in the air stream condensing on the cold surface,
The temperature at which this cloudiness first appears is called the
Dew-point and the wvapour pressure corrcsponding to this temperature
gives the vapour pressure of the liquid present in the air strcam,

The apparatus, shown in fig, 3.5 consists of a copper
tube with 1/2" x 1/4%" piece of 24 S.W.G. silver inserted in the lower
half, Another piece of silver of similar shape is screwed on to the
first with a thermocouple inserted in a groove between thems The
surface of the top sheet of silver is highly polished and cleaned
carefully to remove any trace of grease. The surface is cooled by a
refrigerant which flows through a tube down the centre of the cylinder
and out through a hole at the top. As the free volume is small and
the throughput of refrigerant large, the instrument is responsive to
changes in the tcmperature of the coolant., The refrigerant used is
air which passes through a cold trap to remove most of the associated
moigturc, then through a caleium chloride drying tube to remove the

remaining moisture, and finally through a cooling coil which is
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immersed in a mixture of acetonec and carbon dioxide. The temperature
of the polished surface is regulated by the amount of refrigerant
whieh is passcd through the cylinder,

The detection system is shown in fige 3.5. A beam of
light is focused on the highly polished silver surface and the
reflected light from it is measured by a photo-cell, The current
from the photo-ccll is measurcd by a ballistic galvanometer, As the
surfacc becomes cloudy, the light reflected by the surface is
scattercd and hence the amount detected by the photo-cell decrecased.
In order to eliminatc light rcflected from the other surfaccs two
masks were placed in front of the photo~cell and all other surfaces
were painted with flat black paint,

The apparatus is used in the following way. The
temperature of the surface is lowered slowly and as the surface starts
to cloud, the galvanometer reading falls slowly at first and then more
ropidly as the size and number of the droplets increases. The
throughput of the coolant is decreased until the surface temperature
has risen sufficiently to make the galvanometer rcading rceturn to its
original value, The procecdure is then repeated and the temperature
at which the galvanometer reading just begins to fall is noted as the
dew=-point.,

Iﬂ order to study the characteristics of the

instrument the output from the photo~cell was for a time connected
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via an amplifier to a recorder. Thus a continuous record of the
photo-cell output was obtained. At the same time the rate of change
of temperature with time was noted, allowing the prediction of the dew
point to be made much more accurately. The characteristics of the
instrument are shown in fig. 3.6 The ideal for an instrument
of this type would be two synchronised recorders enabling very
accurate measurements to be made. Using the ballistic galvanometer

the accuracy was found to be within 1/2 a degree centrigade.

3.1.8.4# Air Flow.

The amount of air circulating in the system is
measured by a calibrated orifice plate# The pressure drop across
the orifice plate is measured by a manometer. Using this value and
the ftee area for flow at the drum perimeter, the average velocity of
the air as it passed the fibre can be calculated. In order that the
distribution along the drum could be measured, an instrument had to
be developed to measure very low air velocities. The type of
instrument which was reputed to have the desired characteristics was
the heated thermocouple anemometer.

The instrument developed was based on the anemometer
of Lowe and Hawegﬁaho developed their instrument from the original
heated thermocouple anemometer of W.V. Hukill of the U.S. Dept, of

Agriculture. The sensing element of the instrument is shown in fig. 3*7

and consists of two thermocouples in opposition, one of the junctions
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being heated externally by o coil of heeting wire wound round the
junction. The temperature difference between the two junctions is
a function of the rate of cooling of the heated thermocouple as
affected by the velocity of the air moving past the junction, The
difference in temperature causes an e.m.f, to be developed between
the thermocouples.s This eem.f. is measured by a potentiometer
circuit, By increasing the current in the heating circuit itis
possible to measure air velocities over a wide range.

The sensing element is shown in fige3,7 The
thermocouple junctions are made from 18 S.W.G. enamelled copper and
22 S.W.G. constantan wire twisted and soldered together. The heated
junction is covered by a sleeve of fibreglass insulation, Constantan,
40 S.W.G., is wound round the insulation and the ends of the coil
connected to copper leads which together with the free ends of the
thermocouples are mounted on a Bakelite holder for rigidity and ease
with which the extension wires could be connected, The circuit
diagram for the complete instrument is shown in fig, 3.8 The heating
current for the hot junction is supplied by the battery B, the actual
current flowing through the heating circuit can be adjusted by the
variable resistance R; and is indicated on the ammeter A,

A calibration graph for air at various temperatures is shown in fig., 3.9
The eemef, = velocity relationship can be expressedlby the following

relationship, 2.19
~2,1

y =Ax
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where y is the air veloeity in ft./min, and x the millivolt reading,
The constant A has various values which depend on temperature, the
relationship is shown in fig, 3.10,

The position of the anemometer in the drier is shown
in fig.3.11l. The long arm which extends over the top of the drier is
used to adjust the position of the anemometer over the length of the
drum and when rotated through ninety degrees the anemometer scans the
srea between the rods of the cage, The minimum reading gives the
maximum velocity of the air stream, In order to use thias procedure
the rotation of the drum must be stopped to prevent the anecmometer

fouling the rods of the drum,
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3.2. Procedure,

The plant is started up by switching on the fan and
subsequently a sufficient number of heaters to give approximately the
correct temperature. The automatic controller is then set to the
required air temperature and the throughput of the air system adjusted
to give the desired valuc., The plant is then allowed to heat up for
about 30 minutes. In the interval the recirculation pump of the
U~tube is switched on and adjustments made to prevent overflowing.
The fibre supply drum is then put on to the machine and the fibre from
it passed through the first pair of rollers into the U-~tube where it
is allowed to accumulate so that there is always a two minute time
lag between the fibre entering and leaving the tube, The fibre is
now passed through the second pair of rollers and over the tension
roller, The main motor is then switched on and the fibre wound
round the cage and the skew roller the required number of times.

The fibre leaving the cage is then fed through the off-take rollers,
round the gulde and on to the final storage drum.

The temperature and humidity of the air stream is
checked, and in the case of the air water system, the humidity can
be adjusted by injecting live steam into the duct to give the desired
value of humidity, The plant is then run under constant conditions
for about thirty minutes to ensure that equilibrium conditions are

establisheds During this period readings of the various instruments
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are checked at regular intervals., After the final gset of readings
are taken the window of the drying compartment is opened and samples

of the fibre taken at regular intervals along the drum.

302+l Sampling.

The samples to be taken are marked by clips to cnsure
that they are teken at regular intervals. This is necessary as
after the first sample is taken, the tow which is under tension
tends to move round the drum when this tension is releaseds The

semples are quickly cut and placed in air tight containers,

3.2,2. Moisture Content of Samples,

Various methods of determining the moisture content
of the samples were reviewed such as Karl Fischer 076), etce The
method of vacuum drying was found to be the most religble., The
samples were heated at 60'C in a vacuum drier for a period of not less
than 12 hours. The loss in weight of the samples is attributed to

loss of moisture. The moisture content of the initial sample is

expressed as a percentage of the dry fibre weight.
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3.3, Initial Experiments,

The first series of experiments were concerned with

the satisfactory flow of the fibre through the machine., These
experiments revealed the necessity for some type of drum off-take as
initially the fibre from the off-take rollers was allowed to fall
freely into a box. The fibre tended to wrap itself round the
off=teke rollers and stop the machine, This was overcome by
arranging that the fibre was always under tension from the off-take
rodlers to the storage drum which had replaced the storage box, This
drum was fixed by a grub screw to a driven shaft which is itself driven
through a friction clutchs The clutch was adjusted such that it was
continually slipping under the slight tension on the fibre tow being
wound on to the drum. The fibre was wound evenly on to the drum by
passing the fibre round a guide which could be moved back and forwards

along the length of the drum. Guides werc also inserted before the
first pair of rollers and before the tension roller to prevent the
fibre moving along the rollers and in the case of the guide before the
tension roller to control the position at which the tow winds on to
the drying drum,

When the plant was first erccted, the drying cage

consisted of the drum es described on page 35 without the complicated
system of air distribution within the central shaft, The initial runs

with the air circulating were designed to measure the variation in air
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velocity along the length of the drum. In these experiments the

air flow was measured by the heated thermocouple anemometer. This
was mounted as shown in fig. 3.11. The air velocity was measured at
regular intervals along the drum length. The results of the first
series is shown in fig, 3.12. It shows that the distribution is
uneven, the velocity being a maximum at one end varying to a negative
value at the other end of the drum.

The first adjustments made were the installation of
concentric tubes to divide up the total air thray;haut eoially over
tliree sections of the drum length. The number of tubes which could
be installed was limited by the thickness of the tube wall. The
separation of the tubes was ensured by the inclusion of splines on
the tube walls. A further refinement was the inclusion of a cone at
the end of the drum to improve the free flow of the air. The
distribution of air was again checked and is shown in fig. 3.13 The
variation was now much less pronounced than in fig,3.12showing three
maximums and a positive value at all positions along the drum. 1Yom
this it was concluded that further modifications would have to bo made
to each of the three sections. The three sections are not of equal
length as the velocity of the air had the distribution shown in fig. 3#12
Since the separation of the tubes was achieved by the use of splines
the positions of the two tubes could bo adjusted easily. The

magnitude of the variations could only be reduced by decreasing the
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amount of air available in those particular sections. Hoence pieces
of angled blading were inserted in each of the holes in the
circumference at varying depths according to their position in the
scction of the tube walls The blading was made of aluminium which
is resilient cnough to be pressed into position and remain firmly
fixed for a considerable tﬁne; However it was found unsatisfactory
to usc the same piece of blading after it had become looses  Another
modification was to place baffle plates at regular intervals along
the drume In addition a wire mesh casing was wound round fourteen
inch wooden formers, The effect of these modifications on the air
distribution is shown in fig, 3,14, As the variation is within 210 per
cent thesc modifications were acceptod as within the accuracy of the

other varisbless



RESULTS = PART I

Evaporation of liquids
during the Constant Rate

Period of Drying.
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4«1 Introduction = The Drying of Continuous Fibre Tows.

The work dascribed in this section deals with the
drying of continuous, multi-filament tows of Ardil and Terylene
during the constant rate period of drying. These two types of fibre
were'chosen because of the wide difference in their physical properties,
especially with respect to their affinity to water, a4s a result of
experiments, it was concluded that the properties of the fibre do not
appear to influence the rate of drying during the constant rate period.
A summary of the results of these experiments is shown in table 4.l1.
The table shows the rates of evaporation of water from fibre tows of
Ardil and Terylene under similar conditions at four different levels

of temperature.

Table _401_
Temp, °F, 19 167 122 95
pray 2 x 203 16,8 6
1 de min ft2 . 10.4 0144 3085
Terylene dwib___ x 10% | 16,68 | 10,78 6,67 | 3.59
de ftmin |
This is in general agreement with the work of Gilliland(so)'who

compared the rates of drying of various materials, sand, clay, etc.,
and showed that during the constant rate period the rates of evaporation,

under similar conditions, were substantially the same as shown by his
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results tabulated on page 22, Hence it was decided to carry out most
of the experiments using Ardil, a fibre which is much easier to handle
as it has a much lower tensile strengths

The initial work was carried out evaporating water
from the fibre tows. Later the work was extended to include methanol,
ethanocl, propanol, butanol and trichlorcethylene, The reason for
extending the work to include the latter group was to vary the Schmidt
number and so investigate its effect on the rate of mass transfer,
thus enabling equation 1,19 to be fully investigated. The above
liqﬁids were chosen because they have the desired variations in the
physical properties énd can be handled in comparative safety in the
quantities necessary in a drier of this size.

The experimental work was designed to determine the
rates of heat and mass transfer over as wide a range of conditions as
possible in the plant used. An additional object was to accumulate
data suitable for use in the design of driers of this type.

The method of determining the effects of the variables
was to separate them by plotting the results in log-log form, thus
revealing the occurrence of any interactions between the variables(77).

Le2, Mass Transfer.

442.1s Evaporation of Water,

4e231.1y Procedurc,

The procedure was as described on page 46, Care

was taken to keep the inlct moisture content to below 120 per cent dry
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fibre. It was found that if the inlet moisture content was allowed
to rise above this figure the drying charvacteristics of the machine
were altered and that reproducability of results was extremely difficult,
This was due to liquid migration along the fibre caused mainly by
gravity as the drum rotates. Thus as the tow is moving downwards the
moisture from the very wet scction of the tow tends to move forward
wetting further the section immediately in front: This effect is
negligible when the associated liquid is below thc value given above
which is for Ardil, With the other fibre, Terylene, which has a
negligible percentage as bound liquid, the effect above is even more
marked and the inlet moisture content normally uscd was below 100 per
cent.

4be2,1,2, Initial Tests.

Before the main experimental work could be carried
out a series of runs were conductcd to determine the critical moisture
contents. An examplc of one of the drying curves is shown in fig. 4.1.
Also plottcd on the same figure is the rate of evaporation and graph of
fibre surface temperature with time corresponding to the drying curve,
The temperature~time graph shows the tendency for a constent valuc of
temperature during the constant rate period of drying with the
temperature gradually rising thercaftcer as the moisture content of the
fibrc¢ decreases. The rather scattered curve for the temperature time
graph indicates the difficulty which was encountered in measuring the

temperaturc of the moving tow within the drier itself.
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Le2.1.3, Repeatabilitys

Several runs were carried out to determine the
repeatability of the method in determining the rate of eveporation,
Two sets of conditions were chosen, the value of air velocity being
kept constant, such that the values of air temperatures were widely
separated, Four runs were carried out under each sct of conditions
and the results within each group compared by calculating the mecan
value of rate of evaporation and assessing the deviation from it for
cach result, In calculating the rate of evaporation from the moisﬁurc
content-time graph it was found that much more consistent results were
obtained if values on the moist~time graph which were abnormally low
were ommitted., The occuircner of thesc points was investigated and
attributed to errors caused by the samplec being in contact with metal of
the drying drum for a short time during thc sampling operation. Hence
it was thought justifiablc to ignore them when calculating the gradient

of the line., The results of thc two series are compared below in

table 4.2.
Table 4.2
Air Temperature 167'F ) Air Temperature 122tF N
dw 1b % 103 Deviation dw 1b x 103 | Deviation
de ft“min, per cent de ft“min. per cent,
N 10.36 ; +0,25 3.81f~u»“~M“h~%~m;1;6mh~M
10,62 +2,73 3.64 =347
10404 % =297 3.07 +2,7
| 10.35 | +0.13 3.71 N
- - _ i N




T¢MIN.
n
)

B.

e

RATE OF EVAPORATION
AN v oNov0O

WATER AIR

RATE OF EVAPORATION VS AIR VELOCITY

/‘W‘g
//
"
200 300 400

le) 20 30 40 50 60708090100
AIR VELOCITY ET_

FiG. 4.2.

IN.



- 55 =

Frow table 4.2. it can be seen that at the higher value of temperature
the maximum overall deviation (5.7 per cent) from the mean value is
slightly lcss than the overall deoviation at the lower valuc (6.4 per
cent)s  The results indicated that the repeatability of the method

is within the range :4.0 per cent.

402.104- Air VOlOCity.

To determinc the effect of the air veclocity on the
ratce of cvaporation, a scries of experiments wore conducted at 167'F
using a tow of standard width and maintaining a constant partial pressure
diffcorence between the liquid surface and the vapour in the
recirculating air., The air velocity was varied as widely as possible,.
The cffect 1s shown in fig; Le2. with the rate of evaporation
increasing with increasc in air vclocity. The effect of the increase
in air velocity on the rate of cvaporation is given by an equation of

this type,

T - kV S A

The exact relationship was calculated using the method of least

squares, The general formulae anc mcthod are those outlined by

DaVieS(78)u



Table 4.3
| aw 1b x 103 fp dw
% 3e 5;2;;n el Y = loga; X=1og V X+Y=T
E
9429 88,3 ~2.0321 1.9460 -0,0861
10.38 114.0 ~1.9837 2,0569 40,0732
11,02 137.0 | =1,9680 2,1367 +0,1687
8.05 98.7 | -2.0935 1.9943 ~0.0992
734 736 | -2.1341 1.8669 -0, 2672
6.58 64,0 | -2.1818 | 1.8062 -0, 3756
5.80 | 5443 ~2.2369 1.7348 -0,5021
493 37.0 | -2.3070 1.5682 ~0.7388
475 48,0 -2.3232 1.6812 ~0,6420
i !
Ix =16.7912 :y = =19,2603 3 5T = ~2.4691 s
52 = 31,60336276 ; IyF = 4L.35812525 ; Ixy = -35.74392559 ;
The Régression Cocfficient is given by the following
expression,

sy - = (2x)(2y)

b =
2 1 2
LX5 - = (2x)

=35.74392559 + 37.73355777
31.60336276 - 31.32715510

1t

O. 698
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The significence of the value given above can be cvaluated in the

following manner,

bE(x=x) = (0.698) (0,27585) = 13.43912
Hy-y) = By -F (By) = 45.594042% = 45.45006945
= 0,14397079
Regidual = 0,14397079 - 0,1343912
= 0,0104783
F = 0,13439412 = 12,83
0,01047830

The valuc given for ny = 1, ny, =7, by the F-distribution table, 1 per
cent level, was 12,25, hence the gradient b is highly significant.

4e2s1s5. Partial Pressure Difference.

In order to find the effect of the partial pressure
difference on the rate of evaporation, and investigate the possibility
of interaction between the air velocity anc¢ partial pressure difference,
three series of runs were carried out similar to the one above,
varying the partial pressure difference in each series.

The results are shown in Fig. 4.3 as a family of lines
of the type shown on page 55. The gradients were calculated using the
gsame method and were found to reveal sufficient variations to make
interactions a possibility., The significance of the variations was

tested by comparing the highest and lowest values,
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Table 4ehe
Gradient Partial Press, Diff,
m.m. hg.
0,702 8.30
0.773 14,60
0,698 | 19,24
0,783 29,40

LeR.l.6. Comparison of Gradients.

Let s2 be the combined variance about the two
regressions, i.,e, if si = variance about bl with ﬂl degrees of
freedom and sg = variance about b2 and ¢2 degrees of freedom.

2 2
Bisy + B8,

g+ B,
82 = 0,0105 g. =7
i 1
2 - 0oL _
S2 - 0.0735 + 0,0508 = 0,00113
4L o+ 11

s = 0,0362.




S/(“"“"‘““z 2
V Tia-x? o -x?)

00783 - 0.698
05 036 X 2492

i

= 0,804
From the value of t = 0,804 and n = 11, the t- distribution tables
indicate that the difference in the values of gradient is not
significant. Hence there is no significant interactions between
the effect of velocity and partial pressure difference on the rate

of evaporation.

Hence the equation becomes %E = K Vb Ap.
e

In order to evaluate the power n, the gradient of the family of lines,
it is necessary to calculate a weighted mean gradient taking into
consideration the different number of points used to calculate the
original gradients and their differcent distributions about the chosen
lines, Williams(79) has shown that the weighted mean gradient can be

calculated using the following equation,

=2

ol
Bl

b = e——— e e e e e e e (4e2)

[
mll—'
H N

2
where s, = 5x% - 1/n (Zx)
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_T_Q.;ble éc 5
b 1 b
r er? 82
N T

1 0,702 449915 3.50403
R 04773 448039 3.71343
3 0,698 3.6251 2.53032
4 0,783 48835 3.75874

- 13.50652
b

= S = 074
18,2240 “

The equations of the family of lines were then calculated using the
weighted mean value of the gradient, 0,741, and the values of X and
¥ as calculatcd in the original analyses. The values of the rate of
evaporation at a fixed value of velocity were then related to the
partial pressure differences as shown in Fig. 4.4.

Honce the relationship between the rate of evaporation
velocity of the gas stream, and partial pressure difference is given

by the equation,
V0.741

g2

K. o Ap. oo-..-o.o(zboB)

4.2,1,7. Tow Width,
In the preceding experimental work the tow width has

been constant. Since by analogy with the system of a gas flowing
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over a cylinder it would appear that the rate of evaporation would be
influenced by the variations of the tow width a series of experiments
were carried out to correlate them. The range of the experimental work
was limited by ability of the drier to handle a wide range of tow widths.
A series of experiments were carried out at an air
temperature of 167'F, using three different tows and varying the air
velocity over a renge of 100 ft/min, The results are shown in fig. 4.5

and correlated by the following equation,

d'w 0074
doa'éa((Vd) -00»000.0000(4'4)

Powell obtained the following expression,

& 0,69
d G 2< (va) N V)

when investigating the rate of cvaporation of water from rectangular
surfaces in a small wind tunnel. This ig slightly lower than the value
of the power in eguation 4.4. but comes within the range of values
contained in table 4.5.

The effect of varying the width of the spaces adjacent
to the tow was also investigated., The number of turns of tow on the
drying drum were varied, a series of runs being conducted at each value.
The conditions were constant throughout except for air velocity which
was varied over a range in each of the series. Although slight
variations in the rate of evaporation werec noted, they were ignored

since they were within the experimental error of the method,
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The relationship between thc ratc of evaporation and
three variables can be cxpresscd by the following cxpression,

(_ill = 5,58 x :1.0-6VO.74 A

00000000(4.6)
ds PL: P

If the data uscd in the previous work is converted
into the form of dimcnsionless groups, the cffcet of Reynolds number
on the ratc of mass transfer can bc assesseds. In Fig. 4.6 the
relationship between the group Eﬁ%EXEEE and Reynolds number is shown

pV
to be of the type,

kM P ~0.26
———— 0.33 Re e o 5 o o 8 o (4.7)

Le2e2s Ivaporation of Alcohols from a Fibre Tow.

In order to coxtend the scope of the investigation,
particularly the range of Schmidt numbers, the liquid cvaporated from
the fibre tow was varicd, This was thought to be advisable to assess
the effect of the variation of the diffusion (air/vapour) coefficiecnt
on the ratc of mass transfer. Previous workers have assessed this
effect in terms of Schmidt numbers with a certain measurc of success
for similar types of systems as statcd on page 14. The liquids chosen,
the lower members of thc alcohol series, have no practical significance
in connection ﬁith artificial fibres, however they give a range of
diffusion cocfficients wide cnough to cover the range of data likely

Yo be requirea in the cvent of some ligquid other than water being



- 63 -

removed from a fibre tow in a drier of this type. The regular
increase in the valuec of their diffusion cocfficients was desirablc for
the purposc of the present investigation, Their use in fairly large
quantities prescnted a number of difficultics with regard to the danger
of explosion. Thc plant, being open, resulted in fairly large
quantities of vapour surrounding the plant., Thesc fumes were removed
by installing an cxtractor fan immecdiately above the plant, The main
hazard was from the possibility of a build up of vapour in the
recirculating air, possibly ignited by a static discharge in the dricr,
The vapour concentration in the circulating air was kopt well below
the explosive limits by carcful chccking of the dew-point at regular
intervals during the running of the plant.

4.24241s Procedurec,

The experimental runs were carricd out using the
proccdurc described on page 46. The cffect of the change of liquid
was to alter the characteristics of the running of the plant,  The
Ardil after immcrsion in the alcohol was no longer so clastic as it
had been after immersion in water. As a rcsult the tendency for the
fibre to slide along thc cagc was not so pronounced and greater carc
had to be taken with the initial tensioning to ensure the smooth
running of the plant, Due to the increasc in rate cvaporation the
machine was run at a slightly higher spced than previously to ensurc
that the drying was within the constant rate periods This rcsulted

in an increcased risk of the fibrc becoming cntangled with the first
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pair of rollers, The latter risk was accentuated by the fact that the
liquid was not uscd to spray thc fibre tow as it had during thc previous
runs. The rcason for this was to attempt to restrict the amount of
vapour ~round the plant. The spray was found to add considerably to
this and it was found by cxperience that when thc spray was uscd the
extractor fan was not sufficient to remove the amount surrounding the
plant, This was not so serious with mecthanol or ethanol but with
butanol it mcant that a gas mask had to be worn for any run of
rcasonable length,  During the runs using butanol a gas mask had to

be worn when samples were taken or any other time when the window of
the drying compartment was open. This tended to hamper the taking of
the samples causing a slight dcercase in the accuracy of the sampling.,
In several instances the runs werc disregarded where the liquid content
time graph was not satisfactory.

4e24242, Methanol.

An initial run was carried out at 167'F. to cnsurc
that the drying curve for the cvaporation of mecthanol was similar to
that for watcr and to assess the approximate value of the eritical
moisture content and in general to find the running conditions to
ensurc that thce runs would bc carricd out under the required conditions.

The ratio liquid to solid vs. timc graph shows similar cheracteristics

to that of water in fig, 4.l.
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Le2.2.2,1s Air Velocity,

A series of runs were conducted at an air temperature
of 167'F ucing a standard tow and keeping the vapour pressure of the
mcthanol in the circulating air constant. The rates of evaporation
were measured at four different velocities. The rate of evaporation
was calculated as previously by plotting the methanol associated with
fibre against the corresponding time and measuring the gradient of
the linesr reclationship. The distribution of points about the linec
is less varied than with the water experiments as there was less

tendency for the tow to contract suddenly during sampling,

Table 4eb.

dw 1b 2 ./ _ dw _
X2 10 v in, Y = log — X=1ogV
de t6min. e %€ Ge °8
2,78 114,0 ~1,5560 2,0569
2045 88-3 -106108 1.9460
2.09 72-0 —1.6799 108573
Ix = '7,9969 Iy = ~6.3269 I xy = =12,61797481
5x2 = 16,03280379 Zy? = 10,02886869

2x3‘-%(2x)(2y)

5xc2 1 2
N(B %)

= 0,706




LB, X 10

RATE OF EVAPORATION ﬁ?MIN,

METHANOL-AIR

' RATE OF EVAPORATION VS AIR VELOCITY

g% .;0?
70 _\“xy
60 A,b/\/ Ca
o 2
50 3 > : YN‘(\/
h
0 P A
JED
e 4
30 /( =z @Y\o
R4 oD
20 4y 4 o ¥
L } >
v Ak
/ 6 |
¢)
vd // g
10 A od
5 A v
o 77
7 pd
7 P
6 e
5 //
4
3
2
10 20 30 40 50 6070809000 200 300 400

FT.
AIR VELOCITY ~MTN

FIG, 4.7.



- 66 -

Hence the rclationship between the ratc of evaporation and air

velocity is given by

oo e

which comparcs with the valuc 0.74 obtained in the previous set
of results for watcr,

4e2e242.,2. Partisl Pressurc Differcnce.

To cvaluatc thce cffect of partial pressure diffcrence,
throe additional scries of runs werc carricd out at diffcrent values
of partial prcssurc difference. The rogression cocfficicnts of cach

series wcroe calculatced using the mcthod of lcast squares as previously.

Tablc 47
Gradient Partial Prcssurc Diff,
L. 2.
0,731 67
O . 7 06 41{—
0.758 32
0,698 23

The weighted mcan gradient is given by

5 o

b= -“il- = 0,723
51

52

In fige 4.7 a family of parallcl lines was constructcd of gradient 0,723
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passing through the centroids of cach of the groups of points. The
intercepts, at a fixed valuc of veloeity (100 ft/min, ), were rclated
to the corresponding valuc of partial pressure difforcnce giving
a lincar rclationship as shown in fig. 4.8,

The effects of the variablcs arc combined to give

the following cquation,

g 0,72 -0.
W ome ¢ 1070 YO TR, 470028

de oApc ooooo-(4-9)

4e2,2,3. Ethanol.

Le2e¢243.1s Air Velocity.

A scries of four runs at air velocitics ranging from
57 to 137 ft/min, werc carricd out using a standard tow at a
circulating air temperaturc of 167'F, The partial pressure of the
cthancl in the circulating air was kept constant. The cthanol-fibre
ratio, at inlet, was maintained at onc or slightly abovc in order to
prevent unduc migration of the liquid along thc fibre during the
initial period in the drying drum giving poor associated liquid=-time
graphs. The ratc of evaporation was calculatcd from the gradient

of this graph as previously.
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Tablc 4.8.
dw 1b f
o x 10° | v ﬁ%ﬁ. Y = log W ox= log V
® rtmin, de

3.03 137.0 -1,5186 2.1367
2.45 88,0 -1.6108 1.9445
2.23 70,0 -1,6517 1.8451
1.73 57.0 -1.7620 1.7559

Hence thc correlationship is given by

dw 0,69
deC><V .10-00000000(4010)

heRe2e3.2. Partial Precssurc Differcncec.

Three runs similar to thc onc above werc carried out
to cvaluatc the offcet of partial pressurc diffcrence on the rate of
cvaporation, thc partial pressurc diffcrence being altered for cach
scerics as was donc in the oxperiments with the liquids uscd
previously. The results arc shown in graphical form in fig. 4.9,

The gradicnt of cach corrclation, rate of cvaporation against time,
was calculatced using thc mcthod of lecast squarcs and arc tabulated

below,  From thesc the weighted mecan gradicnt was calculated,
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Table 4090
Gradient Partial Precssurc Diff,
m.m. hg.
0,751 A
0,690 37
0,640 28
0.695 22
The weighted mean gradient is given by
zb§
2
b = ——-—ir—- = 0,694
8‘5%

After constructing a serics of parallcl lines through the groups of
points of gradicnt 0.694 the intereccpts at a fixed value of velocity
werc corrclated with the corrcsponding valuc of partial pressurc
differcncec. This is shown in graphical form in fig. 4.10., Hence

the rate of cvaporation is corrclated by the following cquation

_6 0069
g:le\r = 0.985 X 10 V———— Ap. e & a 8 o s 0o o (4.11)
d0.31

4be2.2.4s Propanocl.

Lele244sls Alr Velocity.

As in the provious experimental work the investigation

into the effect of air vclocity was a series of four runs conducted
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at an air temperature of 167'F under standard conditions of tow
width and constant partial pressurc difference betwecen the fibre
surface and the circulating air, The air velocity was varied over
a range from 70 to 137 ft/min. The rate of evaporation was

calculated as previcusly,

Table éo O.
dw 1b 2 £t dw
e . = o —— X = o
B o, (0| 7 min | TTAEG) BTtV
3.82 137 ~1.4179 2,1367
3&31 114. -1.4802 200569
2.31 70 =1,6364 1.8451

Hence the cquation of the rclationship is given by

dw 0,77

a“C’-‘(V. .-....'.......(4.12)
e

4eR.2.4.2, Partial Preésure Differenceo.

Three series of runs at different valuecs of partial
pressure difference were carried out similar to the one above. The

gradients werc evaluated by the same procedure and are compared in

the following table
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Tablo 4.11.
Gradient Partial Pressure Diff,
m.m. hg.
0.69 42
0.77 33
0.72 25
0.76 16.5

The weighted mean gradient is given by

b = —2SE_ = 0,735

A series of parallel lines were constructed of gradient 0,735 as
shown in fig. 4.11l. The intercepts at a fixed value of velocity
werc graphed against tho corresponding values of partial pressure
differencc, giving & linecar relationship (fig. 4.12).

Hence the rate of evaporation of propanol is
given by

Qo 12 x 1070 v T4 50420,

de Po ¢ s e o 0 (4.13)

40 2. 2. 5. n-ButanOl.

4e2.2.5,1, Air Velocitya

4 series of runs werc carried out at 167'F with fixed
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values of tow width and partial pressure difference, the air velocity

being varied from 55 to 137 ft/min. The ratio butanol-fibre was

plotted against timc and the gradient, the rate of evaporation, was

calculated.
Table 4.12.
dw 1b 2 ft dw
— x 10 v Y YT=loga | X=1ogV
de  rt2min, . % °¢
3.46 137 -1, 4609 2.1367
3.02 114 -1, 5200 2.0569
Re45 &8 ~1.6108 1.9445
1.84 55 ~1.,7352 1.7404
A
The rclationship is given by,
aw 0,68
= X v c e e e e e o e (4e14)

4Lele2.5.2, Partial Pressure.

Three series of runs, similar to the onec above, were
carried out at diffcrent valucs of partial pressure differcnce., The
gradients of the log~log plots of rate of cvaporation and air

velocity were evaluated, using the mcthod of lcast squarcs, and

conparcd,
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Table 4.13.
Gradient Partial Pregssurc Diff,
m.m. hg.
0.754 40,0
0.68 2845
0.76 1445
G771 9.0

The weighted mcan gradient = 0,741,

4 scrics of parallel lincs were constructed of gradicent 0.741 as shown
in fig. 4,13 The intcrcepts at a fixed value of velocity, 100 ft/min,
were reclated to the corresponding valucs of partial pressurc differcnce,
This resulted in a linear reclationship which is shown in fig. 4.14.

Thus thc rate of cvaporation of butanol from a fibre

tow width 4 is given by

0,74
dw -6 v
a-'e - 10205 x 10 do.26 Ap. e e s e e (4015)

4e2.3. Evaporation of Trichloroethylene.

Trichloroethylenc was chosen for its low diffusion
coefficient and general inertness. The main disadvantage of using
it in a plant of this type is the danger of the vapour accumulating in
guantity around the plant., Even in small concentrations the vapour
has anacsthetic properties.
4.2.3.1. FProcedure.

The procedurc was as described on page 46. Throughout



- -
the experimental work a gas mask had to be worn to overcome the effects

of the gas mentioned above, The effect of wetting the fibre with

trichlorocthylene was similar to that of the alcohols.

4.2.3.2, Air Velocity.

A series of runs were carried out at a constant
temperature of 167'F, using a standard tow width and also keeping the
partial pressure difference constant., The air velocity was varied
from 55 to 137 ft/min., The rate of evaporation of the liquid from
the tow was evaluated from the graph of trichloroethylene/fibre

against time,

Table 4.14

d ft ad

Eg %EEEZ; x 10 v /min. Y = 1og.a§ X =1log. V
008 ! 72.0 "lo 0969 108573
10 03 880 3 "Oo 9872 109460
l. 18 llll'oo -O. 9281 2.0569
lo 37 s 13700 -Oo 8633 2. 1367
0.735 ' 550 -1,1337 1.7404

The relationship between the rate of evaporation and the air velocity
is given by,

T VT (4a26)
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which, including the effect of tow width becomes,

dw O. -002
oo O g0
de

I A D

Le2.3.3., Partial Pregsure Difference.

A series of three runs similar to the onc above
were carried out at different values of partial pressure difference.

The gradients of the log-log plots of rate of evaporation against air

velocity were evaluated and are tabulated with the corresponding values

of partial pressure difference in table 4,15,

Table 4.15
Gradient Partial Pressure Diff,
m.n, hg-
0,766 9
0,710 69
0.676 47
0,691 28,5

The weighted mean gradient is 0,711,
Hence fige4.l5 shows a series of parallel lines of gradient 0,711
the intercepts being rolated to the partial pressure difference,
This relationship is shown in fig.4.16 to be linear,
The relationship established for the rate of
evaporation of trichloroethylene from a fibre tow is

dW _ —6 Voo 71
b - lo lo T —— [ * 2 9 + 2 v 0 [
I 9 x 0.5 Ap (4.18)
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4e2s4e Comparison of Results.

The results were found to be satisfied by the
general equation,

dv k, Vb.db'l.Ap e o v o i oo oo (4419)

where the values of b and k for the various liquide are shown in

tahle below,

Table 016
6
Liquid k x 10 b D cm2/sec.(80)
Water 0.558 0074 00256
Methanol 00782 0072 0.159
Ethanol 00985 0069 Oollg
Propanol 1.12 0.74 0.100
Butancl 1,205 0.74 0,090
Trichloroethylene 1.94 0.71 0,073 ¥

The diffusion coefficient was included to indicate the tendency for the

rate of evaporation to be influenced by the diffusion coefficient.

3
0.0043 Tl2
¥ Calculated from equation, D = ' \/

ler—'
+
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In forming a general equation for mass transfer the significance of
the variations in the power b were investigated and found to be
insignificant. Hence a weighted mean value of b was used and
appropriate adjustments made to the values of k, the new values are

given in table 4.17,

Table 4.17
] | 6
Liquid k x 10 b
Water 0,613 0.72
Methanol 0.856 0.72
Ethanol 1.08 0,72
Propanol 1.23 0.72
Butanol 1.32 0,72
Trichloroethylenc 2,13 0.72

In order to determine the effect of the Schmidt number, or diffusion

coefficient, the mass transfer data was rearranged in the form

KegM
P~ 4 R R O3}
pV

Lhe2eldel. Effect of the Schmidt Group.

In determining the effect of the Schmidt group, the

data was plotted as in fig. 4.17, kgMpbm , vs. Re, Thus a series of
. oV
parallel lines were constructed using a weighted mean gradient, the
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paramecter being the Schmidt group. The intercepts, at a fixed value
of Reynolds number, were plotted vs the corresponding values of the
Schmidt number, The range of the Schmidt numbers is not very wide,
hence the line of gradient 0,67 was drawn for comparison, The
agreement is satisfactory considering the range of Schmidt number,
Hence the mass transfer data can be correlated by the gencral

cquation,

KgM -\e =Ue [
Pom 0.24 Re 0. 245,70 67
pV

e e e s e e (4e21)
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4ie3e Heat Transfer,

The rate of heat transfer to the fibre tow was -

calculated from the formula derived below,

4e3.1s Heat Transfer to a Continuous Tow,

Consider a small element of the fibre tow of the
length dl. Let the temperature of the fibre wary from TLF to
(T¢ + dT¢)'F and the associated 1liquid from x to (x - dx)s Thus if
the throughput of dry fibre is W 1b/hr, the rate of evaporation becomes
Wdx 1b/hr. The temperature of the ambient air stream is assumed to be
constant at t,'F,

Heat Balance on Element per unit time,

- T
mﬂﬁa-wf+%5]=AuM.+ WCpdTp + WCgTpdx + mﬂ%ﬂ

C W(x - dx)(Tg + dT¢) - CxTyp

Wdx + WGpdTp + WC ATy

hadl
= (tq = Tp) = Adx + (Cp + xC,) Ty

Integrate both sides of the equation,
ho, L *2 T, |
W[ (t, - Tpldl = r\{ldx + 41(0f + C_x)aT,
During the Constant Rate Period the fibre temperature remains constant,

Hence Sﬁ(ta -Te)k = (xp - xl)

(No(xz - Xl_)
al (t, - Tg)

b e o o oo o (4er2)
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4432, Evaporation of Water.

4e3.2,1s Alr Velocity.

The rate of heat transfer is influenced by sevoral
variables, one of which is the velocity of the air., To find the
effect of the zir velocity in the present system, the rates of heat
transfer were calculated for the series of runs described on pages
55«57, The results are plotted in Fig. 4,20, showing a relationship
of the type

h = A VA o e e e (4e23)
However all these runs were carried out using the same tow width,

hence the effect of the tow width is unknown,

4e3.2.2. Tow Width,

The effect of the tow width can be assumed to be
important since the velocity profile is affected by it, The study
of the effect of the tow width, d, on heat transfer was restricted by
the limitations imposed by the drier. The results which are shown in
fige 4421 were calculated from the same experimental runs as the mass
transfer results in fig. 4.5. The resulting expression was

-0-3

h o< d e e e e e e e n e oo (4e24)

The combined effects of veloecity and tow width are a measure of the
degree of turbulence in the air stream and can be expressed in terms of

Reynolds number,

0,68

hd o Re"* e e o s a s e a oo s (4e25)
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If the physical properties of the air stream are included in the form

of dimensionless groups, the expression becomes

0.68 0.
Nu = 0,34 Re » Pr, 3 e« s v o o n (4026)

4e343. Evaporation of Other Ligquids.,

The rates of heat transfer were calculated for each
of the runs where the liquid evaporated was a liquid other than water.
The relationship betweon rate of evaporation and air velocity was
assessed in a similar manner to that for water giving a correlation of
the type,

h = A, VO e e e i e e e e s o s (4e23)
The date was then correlated in the following menner to compare with

the similar data for water.

M = kRMPr.0 32 L. (4.27)

4e3s4. Comparison of Results,

The results of all the liquids were compared using
the form of equation 4.27, The various values for k and m are

tabulated below,

Table 4.18
Liquid k m
Water 0.34 0.68
Methanol 0.25 0.73
Ethanol 0,28 0.68
Propanol 0.32 0.71
Butanol 0.38 0.67
T.C.E. I 0,30 0.71
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The significance of the differences of the powers was invcstigated by
comparing the highest and lowest values, 0,73 and 0.67. The
differencc was found to be insignificant and hence a weighted mean
valuc was calculated by the mcthod described on page 58, The

corresponding valucs of k were evaluated and are tabulated below,

Table 4,19
Liquid k m
water 0,31 0,70
methanol 0,30 0.70
ethanol 0,25 0,70

propanol 0.28 0,70
butanol 0.32 0.70

T.C.E, 0.32 0,70

The above table reveals slight variations in the values of k for the
various liquids. A mean value was calculated to bec 0,30, The
maximum and minimum values of k are 0.32 and 0,25, The percentage
deviation from the calculated mean value was found to bec 6,7 for the
higher value, and 17.7 per cent for the lower, Although the deviation
in the latter case is considerable it can be secn from tablc 4.19 that
this deviation is not typical, being much grcecater than the others.

In order to calculate an overall correlation the

method of least squares was used to correlate the individual values.
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'This resultcd in the following corrclation.

Nu = 0,32 Rco'7OPr.O'33 e o v o oo o (4e28)
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4ete Discussion.

4Ledel. Introduction.

In the investigation into the processes of
simultaneous heat and mass transfer, the system which has been used
as the basis for all investigations is the evaﬁoration of liquids from
a surface. Usually pure liquids are used, thus diffusion through one
resistance layer only has to be considered, that of the gas. In order
to assess the effect of different velocity profiles, etc, many systems
have been devised, most of which have inhercnt disadvantages. If one
considers, as an example, the flow of a gas uﬁ a wetted wall column,
the continually changing value of the partial pfessure difference as
the gas flows upwards presents a problem in assessing the effect of
the partial pressure difference as, depending on the gas throughput,
this variation may be considerable. This disadvgntage is not so
pronounced in the system of a gas flowing past a wetted object, say
a cylinder at right angles to the gas flow, where the contact time
between the gas and the surface is usually negligible compared to the
previous system, The main problem in the cylinder type of experiments
is the difficulty in maintaining a uniformly wetted surface, as the
effect of gravity tends to cause a certain amount of liquid'migration
within the cylinder, In some instances a constant liquid feed system
is used and in this case the danger is the excessive wetting of the

surface coupled with uneven distribution as previously. It was with
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these difficulties in mind that the present system was devised,
initially to overcome them and latterly as a compromise between them,

It also enabled the effect of a new geometry to be studied.

Lele?, Present System.

As in the previous systems certain disadvantages
arose, some¢ of which were inherent in the system, others which were
related to the plant used. Of the latter type was the restricted
range of air velocity which was mainly due the modifications which
had to be carried out to improve the air distribution along the drying
drum as described on page 49. This had the effect of considerably
increasing thc pressure drop across the drum with the resultant
decrcase in air throughput. In order to mitigate the effeect of lack
of range of air velocity a statistical check was used to evaluate the
gsignificance of the results, the mcthod was that shown on page 57.

If after a series it was found that the significance of the corrclation
was legs than 95 per cent further runs werc carricd out to obtain a
morc significant corrclation. This was the case with the
trichloroethylene results which, due to the high rate of evaporation
and the physical difficulties involved, werc found to be more scattercd
than thosec in the other series. The problem of liquid migration was
rcduced to negligible dimensions by keeping the overall liquid to solid
ratio at inlet within strict limits dctermined by experiment., The

rotary motion of the drier tends to balance the migration duc to
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gravity from one surface to another over a complete cycle. Throughout
the experimental work this migration could not be detectcd and presented
no major difficulties except ﬁith somc of the more volatile liquids
where the tendency was to increase the liquid to solid ratio to obtain
a longer constant period of drying. On balance the advantages gained

make it a uscful method of investigating the processes of heat and mass

transfer,

bebe3s Mass Transfer.

The method of investigation used was to vary one of
the variables at a time keeping the other variables constant, repeating
the process for each of the variables in turn. The method of analysing
the results c.g. air velocity and partial pressure difference, was to
graph the rate of evaporation against air velocity with partial pressurc
difference as the parameter using a log-log plot. By using this method
the possibility of interactions between any two of the variables was
accounted for although in this case no such interactions were detected,

The form of the equation which was found to satisfy the main variables

was
dw _ b b=l
a; b k. V .d [ Ap ¢ o 0 LI L s @ (4!29)

where the values of b and k for the various liquids are shown in tables,
416 and 4,17. In comparing the values given in these two tables with

the work of Powell consideration should bec given to the faect that his
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results are based on the rates of evaporation from the individual
surfaces whereas the present work uses the total surface area as the
basis for calculating the rates of evaporation. Powell found that the
rate of evaporation from the down stream surface was lower than that
from the upstream surface but that the cffect of veloecity on both
surfaces was similar, This is in agreement with the assumption that
the flow pattern is as shown in fig. 2.2, The flow patterns near the
surface on cithcr side are similar, the vortex being distorted near

the down strcam surface into a pattern similar to that on the upstream
surfacc caused by the fluid impinging on thc surface at right angles

to it then breaking into two paths, cach following thc contours of the
object as shown in fig, R.2. The dissimilar rates of evaporation may
be caused by the fluid in the vortex on the downstream side having a
higher contact time with the surface and hence a lower partial pressure
difference. Similar problems have ariscn in investigations into the
rates of mass transfer from cylinders and spheres., In both these cases,
the rates of evaporation have been based on total surface arca and

satigfactory correlations cecstablished,

4. 4.3. 2. SChm:i_dt GI‘OU.E.

In establishing the cffect of the Schmidt number,
the limited range of thc values obtained was considered to be such
that only comparison with suggested values, i.e. 0.67 by Chilton and

Colburn and 0,56 by Gilliland, was attempted. The results from present
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investigation indicated that 0,67 was a better correclation than 0.56.
The values are compared in fig. 4,18

Hence it was found thet all the mass transfer data
could be corrclated by the correlation

KgM -0, =0,
Pbm = 0.24 Re 0 24.Sc 67
pV

e e oo o oo (4e21)

This correlation was obtained by using the individual rcsults from all
the coxperimental work, assuming the powor of the Schmidt number to be
0,67, and correleting them using the method of lcast squares,
Statistical investigation of the significance of the correlation
revealed that it was significant but just within the limits normally
accepted, i.e. tho 10 per cent leovel of significance.s Thus the
corrclation could only be improved by extcnding the range of Reynolds
number, This is not possible using the plant in its present form as
the range at the lower limits is restricted by the tendency for the
distribution of air along the drum to deteriorate markedly at such

low velocities,

4ebe3e3. Comparison with Correlations from similar Systems,

The systems which most closcly approximate to the one
under consideration arc flow past a cylinder and flow past a sphere,

In these cascs the flow patterns arc of the samc geoneral form. The
mass transfer data from each of the systems can be corrclated by the

gencral equation,

K. Mp n
—%—b}g‘ Scm. = k. RG. ® e s+ s s e (4030)
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The valucs of k, m, and n are tabulated below.

Table 4.20

System k m n Ref,
Cylinder O. 28 Oo 56 "'Oo A—O 37
Sphere 0443 0,67 =044 43
Rectangular 0.24 0,67 ~0,24 Present

sectioned objcct

From the above comparison it can be secen that while two systoms may
appcar to have very similar flow patterns the effecet of the Reynolds

may vary considerably,

bebods Heat Transfer,

The heat transfcr data calculated from the same
oxpcerimental work as the mass transfor data of the previous scction was
found to be correlated by an equation of the type,

Nu = k Re"Pr",
It was possible to correlate the data obtained from each of the
individual series of experiments, i.e, each liquid used, in the above
form. This approach led to several equations differing slightly in
the values of k and m. When the differences in the values of m were
analysed they were found to be insignificant and attributed to
experimental errcr., Hence the data was grouped together to give one

correlation.
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0,70 0,33
Nu = 0.32 Re, Pr, e e e e v s (4.28)

The above equation is compared with correlations of a similar type in

the table below,

Table éo 21

System Author k m n

Flow past rect.
sect. objects Present 0,32 0,70 0.33

Flow past cylinders Griffiths 0,26 0,60 0.30
& Awbery(gl)

Flow through pipes Colburn(16) 0.023 0.80 0.33

Hence it appears that although the flow patterns around a rectangular
sectioned object and a cylinder are very similar, The heat transfer
equations for the two systems are not identical although they are of

the same order,

Lelie5. Heat and Mass Transfer,

In order to compare the heat and mass transfer data,
the results were correlated in the form of the Chilton and Colburn
j=factors. The similarities between the processes were revealed by
relating jh and jd to the Reynolds group. This resulted in equations

of the following types.

jh k, Re" c e e oo oo e oo (4e31)

jd = k, Re" e e e e e e e e (4e32)
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The values obtained from the data for each of the various liquids are

tcbulated below,

Table 4.22
Liquid kl n k2 n
water O. 34 —Ol 32 0. 23 -Oc 26
Methanol 0.25 ~0,27 0,31 -0, 29
Ethanol 0,28 -0,32 0.36 -0,31
Propanol 0.32 ~-0,29 0.21 -0,25
Trichloroethylene 0.30 ~0,29 0.36 -0,31

The variations in the corresponding values of m and n can be shown
statistically to be insignificant when compared with the range of Reynolds
numbers of the points used to form the correlations. Hence mean values

were taken for each liquid and the corresponding values of ky and k2

were adjusted and compared in the table below.

Table 4,23

Liquid Ky Kk | X2

ky

Water 0,304 0.300 { 0,99
Methanol 0.27 0.29 1,08
Ethanol 0.385 0,374 { 1.025
Propanol 0,277 0,300 { 1,08
Butanol 0.396 0.421 | 1,065
Trichloroethylene 0,318 0.342 § 1.08
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e .
Mean value o = %% = 1.048 when n is equated to m.
1

Alternatively the results may be analysed using all the individual
values of jh and jd to evaluate correlations of the type in equations
Le3l, 4.32, This resulted in the following correlations

jho= 0,32 R0 L. (4.33)

S0k (4e34)

jd = 0.24 Re
In fig. 4422 the values of jd are compared with equation 4.33.
Since it can be shown statistically that the difference between the

two powers is insignificant, the mean value was used and the constants

were altered accordingly. Hence it can be shown that

jd _
Y = 1,0
jh g

Hence both methods of analysis give approximately the same solution,
jd being slightly greater than jh. This is within the limits claimed
by Chilton and Colburn(lz) who claimed only an equality to within

+ or = 10 per cent, There are few other theoretical analyses with

82) has deduced an

which the result can be compared, however Callaghan(
expression, 2 simplified version of which is shown below, for the case
of fluid flowing over a flat plate. He assumed a profile of the type

shown in fig. 4.23.

- = 1
Re + 1
Lin
1 - |— (1 -~ Pr)
Stg - 4}596_
-S-t_ — 1 ooot|'(4135)
h ReL m
1= |—= (1 - Se)
Re&_
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whore Sty is the Stanton number for mass transfer
Sty, 1is thc Stanton number for heat transfer
Re is the Reynolds number bascd on the thickness
of the laminar layer,
Re is the Reynolds number based on the thickness
of the boundary layer,

1
n is the power exponent, U_. = y T *n
u hr—

o

He estimated theat, for the air-water system, the rotio of the Stanton
numbers for mass and heat transfer would be slightly greater than
unity, 1.05. This compares with the value obtained in the present
investigation of 0,99 for the air-water system. Callaghan(gz)
obtained the value 1.05 assuming that n = 4 &t transition and n =7
at full turbulence. In table 4,24 are listed results from various

types of cxperimental equipment involving air water systems only.

Table 4e24
Author System Mags Trangfer
Heat Transfer
Gamson ¢t al, Through circulation
drying of spheres 0.93
Heertjees and Evaporation from a porous
Ringens block 0.91
Coles and Evaporation from flat
Ruggeri, surface, 0.94
Present, Prcsent. 0,99
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From the above it can be seen that the ratio tends to be less than unity,
However when systems other than air-water are considered the reverse
tends to be the case. For several experimental plants e.ge. wetted
wall columns, only mass transfer data was rccorded and it has to be
compared with the heat transfer data derived from similar systems when
heat transfer only is taking placei This is justifiable as the
differential equaotions for heat transfer without simultaneous mass
transfer and that for heat transfer with mass transfer are identical,
cxcept in the case wherc there is a2 large partial pressure difference
between thc surface and the gas strcam.

From fig., 1.2, it can be seen that when the data of
Gilliland(zl) and other workers, obtained from investigations into mass
transfer in wotted wall columns, was plotted in jd form and compared with
the corresponding data for hcat transfer,

jh = 0,023 Ro0*<0

the values of jd tend to be slightly above the corresponding valucs of
jh, indicating that the ratio of mass to hecat transfer to be greater
than unity. This is in agreement with the recsults of the present
investigation except in the case of the air-water system previously
mentioned.  The oppositc tendency was noted by Ringens and Hoertjeos(47)
who obtained a value of 0,95 from their investigations into rates of
evaporation of various liquids into air strcams. However the

variations from unity arc small enough to be attributed to experimental

error in most cases and for purposcs of the design of chemical plant
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the j factor method of equating heat and mass transfer would appear

to be satisfactory,.

belieb6o Application of j=Factors.

From the preceding discussion on the results of the
prescnt and other investigations, it would appear that while the ratio
jd/jh is approximately unity, to within the 10 per cont accuracy
claimed by Chilton and Colburn, its application to diffcrent systems
depends on a knowledge of the relationship between cither jh or jd
and the Reynolds group for that particular systems This tends to
limit its application to the morc geomctrically well defined systems.

A continuous fibre drier is onec such casc and as can be seen from the
experimental results fairly good agrcement was obtained. In fig. 4.24
the relationships between jd and Rcynolds group are shown for several

systems,



RESULTS = PART 2

Falling Rate Period of Drying.
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5.1. Introduction,

The fibre tow comprises of thousands of continuous
fibres bunched together to give a slab like porous belt of indefinite
length., By means of the rollers and guides the tow width is kept
constant to within 5 per cent total variation., This arrangement of
rollers tended to limit the possible variation in tow thickness, any
increase in the number of fibres per tow resulted in an increase in
tow width rather than in thickness. Hence it was found impossible to
vary the tow thickness sufficiently to warrant investigation of this
factor,

As has been stated previously on page 23, the process
of drying during the falling rate period is very complex. Of the two
thoories proposed for the various types of materials, the diffusion
theory would appear to be the most likely as the physical appearance
of the tow resembles a porous slab. The experimental work was designed
to examine this assumption and determine the effect of temperature, etc.

on the diffusion coefficient,

5.2. Procedure,

The procedure was as described on page 46, The drier
was run at much slower speceds during these experiments to ensure that
the material in the drier was dry enough to fall within the range of
moisture contents of the falling rate period. In several of the

experiments the drier was stopped for a time before samples were taken
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to allow the moisture content of the tow to fall within this rconge.
These were mainly experiments at 122'F and high relative humidity,

The variables investigated were air velocity, temperature, and the effect
of variations in humidity at constant temperature, The method of
investigating the variables was to kecp two of the variables constant
while varying the third, and subsequently varying each of the others

in turn, The mcthod of factorial experimentation was considered to
assess the effect of the variables but it was not possible to arrange
the partial pressure of the vapour as requiredAby the method. The

possibility of interactions between the variables can be rcvealed by

using log-log plots.,

5.3. Results.,

To investigate the original conception of the tow
as approximating to a porous slab of'indefinite length, an initial run
was carried out at 212'F to obtain the necessary data to compare with
the cquation of Sherwood mentioned on page 25, The simplified version
of this equation given on page 25 was used.

From the graph mcisture content against time, the
eritical moisture content Wy is obtained. The torm W, is obtained
from the equilibrium moisturc graph, fig. A.l, taking the temperature
and humidity of the air stream into consideration. The latter graph is
obtained cxperimentally by methods such as the one indicated in

appendix 1. Values of W from the smoothed curve are used to obtain
W - We

the cxpression
Wo - We
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Table 5.1,

W We | W-Wo | Wo | Wo-We %;.: gz o
62,5 | 6,51 56.0 | 625 56.0 1.0 0
58,6 | 6.5 52,1 62.5 5640 0.928 40
514 | 6.5 | 4409 | 62,5 56,0 0,801 80
w6 | 65 381 | 62.5]  56.0 0,680 | 120
38.8 | 6.5 323 | 65| 56,0 0.576 | 160
33.4 | 6.5 26,9 | 62.5] 56.0 0.481 | 200
28,4 | 6.5 219 | 625 s6.0 0,391 | 240
24,5 | 6.5 | 18.0 | 62.5| 56,0 0.322 | 280
21,6 | 6.5 1 151 | 62.5| 56.0 0,269 | 320

: s 1

W - We
We - We
gives a relationship of the typc shown in fig, 5.2, Comparing this

Graphing the term against time, &, using a scmi-log. plot

plot with that shown in fig. 5.3 for the casc of diffusion from a

porous slab, thc two plots appear to be similar in form. Hence the
original assumption of diffusion control appcars to be valid for the

system. From cquation the gradient of the scmi-log plot is cqual

2D

s

to ——-g‘, the gradient being mcasured on that portion of the graph
4 &

below W _-We oqual to 0.6.

Wo ~ We
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5¢3.1. Air Velocity.

At an air tempcrature of 212'F a scries of four runs
were carricd out at different air velocitics, the humidity of the air
being kept constant and using the same width of tow throughout.

The gradicnts of the plots, of the type in fig. 5.4, werce calculated
in a similar manner, From the gradients, the diffusion coefficicnts
were calculated, the values being shown in table 5.2.

Table 5 o2

Diffusion Cocfficient Air Velocity -
Dp £t%/sce x 107 £t/ in.
3.85 137
3.80 114
2+90 88
Re b5 70

An increase in air velocity appears to cause an increase in the value
of the diffusion coefficient. In this the system varics from the
results of previous workers in'through circulation drying who found
that the diffusion coefficicnt was unaffcctod by variations in air
velocity. The effcet of air velocity was found to be corrclated by
the equation,
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5.3.2, Air Tempcrature.

In assegsing the cffect of variations in.air
temperaturc a scries of runs were carried out at threce different
temperaturcs, varying the air velocity at each level of tempcrature,
When the diffusion cocfficients were plotted against velocity, this
resulted in a serics of parallel lines as shown in figs 5.5, The fact
that tho lines werc parallel indicatcs that there was no perceptable

interaction between the effceccts of temperaturc and vclocity.

50 3.3. Air Hum.idipy.

A scrics of runs were carricd out at 212'F at three
different valucs of humidity, the velocity being varied at each level
of humidity. The results are shown in fig. 5.6 as a scries of

parallel lincs. Hence thorc was no intcraction betwcen the air

velocity and humidity.
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5.4, Discussion.

In describing thc characteristics of any material
during the drying process, it is necessary to be ablc to predict the
critical moisture content under various sets of conditions.  Although
& considerablec amount of data was obtainced no method of prediction or
indeed pattern could bc deduced from 1t. In most cascs the value

obtained cxperimentally was approximately 0,625 EELuEEE .

lb,dry fibre

The air conditions did not appear te influcnce this value to any
marked extent and such fluctuations as werc noted appecared to be random
in naturcs  These fluctuations wcre also small enough to be considered
within the experimeontal ecrror of the methods Hence it was decided
- that, from the results available, the only satisfactory method of
asscssing the critical moisture content was by cxperiment.
Investigations inte the factors controlling the rate
of drying during the falling ratc period of drying were conducted with
a view to verifying the comparison of a fibre tow to a porous slab,
The latter has becn investigated for the process of diffusion by
several workcrs, including Sherwood and Newman as stated in pages 24
and 25, The method of verifying the above was to plot the resultis,

as shown in fig. 5.2, 1ogCH_," We

o} e
characteristics of the curve with thosc of the theorctical results for

against time and compare the

a porous slab, As the gencral characteristics of the two curves were

similar, the two processcs werc judged to be similar and hence diffusion
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to be the controlling factor in the falling rate period of continuous
fibre tows,

Ags the conditions of the air were varied the value of
the diffusion cocfficient was found to vary. Investigations into the
effects of temperaturc, humidity, and air velocity wore carricd out,
The offect of temperaturc and humidity on the diffusion process has

(56), Jason(83),

becen noted by scveral workers, Van Arsdel ete; The
results obtained for the effect of thesc variables on the diffusion
cocfficient agrccs with previous published work and confirms the
difficulty in translating these effects into mathcmatical form when
the surface temperature is unknown, Although in the present
investigation attempts were made to measure the surface temperature
during the falling rate period, only very limited success was achieved
for several rcasons. When the fibre blocks werc used within the
drying compartment, only the temperature difference could be measured
as the ambient temperaturc was greater than that of the surface to be
measurced, In such cxperiments the accuracy of the measurement depends
on obtaining a steady value of air temperature at the position where
the "cold junction" is situated, immediately behind or alongside the
tows Due to the turbulencc this was not zlways obtained. There was
also the error associated with the fact that it was impossible to

determine when the fibre was in complcte contact with the small brass

disc of thc plastic block, excluding the air, as the block was no
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longer rigidly fixed as it was necessary to move it along the fibre
length to obtain the required curve. These defocts caused considerable
scatter in the results obtained as shown in fige 4sl. The effect of
velocity which has been investigated previously for the falling rate
period of drying by Van Arsdel; ctec. was found in the present
investigation to be quite considerable as shown in fig. 5.4. This
offect has previously been stated to be ncgligible by Van Arsdel(56)
and Jason(SB). This cffect can be cxplained in terms of the heat
transfer cocfficient which is a froction of the air veclocity and is
independent of whether or not mass transfcr is taking place. Sincec

the rates of heat and mass transfer are related it follows that the

diffusion coefficicnt will be affcected by the air velocity,
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Nomenclature

Tow section perimeter.

Specific heat at constant pressure,.

Diffusion coefficient.
Tow width,

Rate of evaporation,.

Fanningl!s friction factor.

Gas flow.

Heat transfer coefficient,

Mass Transfcr cocfficient,
Heat transfer, j factor,
Mass Transfer, j factor.

Thermal conductivity.
Mass Transfer coefficient.
Mass Transfer coefficicnte.

Length,
Total Pressure,
Partial Prcssure of vapour in air,

Vepour Pregsure of liquid at surface
temperature,

Dimensionless

Dimensionless
Btu

££2nrOF/ft,

moles

ftzsec.atmos.
moles

ft2secemole diffs
£,

e hge
M. hgo

mme hg.



Re
Se
St
Sh
Nu
Pr

Pe

Mean partial pressure difference,

Alr temperature,

Surface temperature,

Air velocity.

Moisture content,

Density,

Viscosity,

Latent heat.

Surface tension.
Time,

Reynolds number,
Sehmidt number,
Stanton number,
Sherwood number
Nusselt number.
Prandtl number,

Peclet number.
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Units
mme. hge
OF
OF
ft./min,
1b Ha0
1b dry fibre

1b/£t°
1b
ft.80C,
Btu
1b

1b.

86Ce
Nimensionless
Dimensionless
Dimensionless
Dimensionless
Dimensionless
Dimensionless

Dimensionless
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Equilibrium Moisture Content.
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Equilibrium Moisture Contents

Introduction

In investigations into the falling ratc period of
drying it is usual to express thc moisture content of the material
in terms of the free moisture content, i.c. the total moisture content
of the material minus the equilibrium moisture contént. Since the
equilibrium moisture content varies according to the material and the
ambient air conditiong, it is nccessary to obtain valucs of the
cquilibrium moisture content over a wide rangc of conditions., The
factors influencing the equilibrium moisturc contents of various
toxtilc materials have been extensively iavestigated by Weigerink,
There arc two mothods of investigating the above, (a) a static method
(b) a dynamic method,

The static method consists of placing a wet sample
in a dessicator over a solution of sulphuric acid, etec., to control
the humidity under conditions of constant temperature, The system
is allowed to come to equilibrium, i.e. the weight of the sample
becomes constant, The concentration of the acid is thon determined
giving the humidity of the atmosphere surrounding thc sample in the
desgicator., The sample is then placed in a vacuum oven for several
hours until a constant weight is obtained, Hence the moisture
content of the samplc can be evaluated, usually expressed as a

percentage of the dry weight.
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The alternative method is the dynamic method which
is somewhat similar to the static ones The main difference being that
the air flows over the sample at constant values of temperature and
humidity. This has the effcet of reducing the time required for the
system to come to equilibriume The method of controlling the humidity
of the air stream is different. The air is passed through a serics of
bubblers containing watcr at a fixed tcmperature Ty,  The air on
leaving the bubblers is saturated and is then heatcd to a predetermined
temperature T2. The air is then passcd over the sample which is
maintained at tcmperaturc Toe  From the values Tl end T, the humidity
of the air stream can be ovaluated., The equilibrium moisturc content
of the sample is evaluated as in the static methods The dynamic
method was chosen for the prescnt investigation because it is more
rapid and can be used at temperatures near and above 100'C which is

not satisfactory with the static method.

Apparatus.

The apparatus, as shown in fig. A.l., consists of
a train of saturators in sories immersed in a thermostatically
controlled water bath, The air stream, after passing through the
saturators is then passed through a heated pipe into a pair of heating
coils which arc immersed in an oil bath which is thermostatically

controlleds From the coils the air stream, which is now at the
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desired tempcraturc and humidity, passes into the sample tube which is
within a heated compartment, The heated compartment consists of two
sections, C the inner rectangular copper box open at one end in which
the sample tube rests, B the outcr compartment made of asbestos shect,
The compertment B is heated by a coil of wire wound round the inside
walls of the boxs, A small fan F is used to circulate air first
through a coil heater then up into B over the heaters and then into C
passed through the sample tube and is then recirculatcd to the fan,

Part of the tube to the fan is left unlagged to allow moisture to
condense out, The moisture is rcmoved at intervals. The temperature

of the circulating air is controlled by a thermostat in C,

Proccdurc,

The oil and water baths are raised to the desired
valucs of temperature. The air is then passed slowly through the
system, venting to atmosphere after the heating coils and the
temperatures of the baths adjusted to give the desired values of
temperature, The sample, which has becn immersed in water overnight,
is squeezed to cxtract excess moisture and then inserted in the tube (S).
The tube is then inserted in the compartment (C) which had been
previously raised to the desired temperature. The taps on thce sample
tubc werc then opened and the air stream connected to it.  The

apparatus was allowed to settle down for about 15 minutes and then the
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temperaturcs of the watcr and oil baths adjusted as required, Tho
apparatus was then allowed to run for about 8 - 10 hrs, before the
initial weighing, The samplec was then weighed at regular intervals
until a constant value was obtained., Thc sample was then placed in

o vacuum oven and the taps at cither end removed, After ~hout 12 hrs.
the samplc was wecighed and weighing was continued at regular intervaels
until a constant weight was obtained. From thc two weighings the

moisture content was cvaluated,

Results: Ardil,

Effcet of Reletive Humidity.

A serics of experiments using Ardil, 22 denier, were
conducted at 44'C varying the rclative himidity. The results were
plotted in the form, moisture content against reclative humidity as in
fig. A2, This resulted in a smooth curve in which there is a linear
scction over o wide range of relative humidity (25-65 per cent).

The gradient of the curve increascs steadily with incrcasc in relative

humidity,

Effect of Temperature.

In order to investigate the effcet of temperature
several scries similar to the one above were carried out at different

tempcratures. Thesc arc shown in fig. A.2. as a family of curves
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similar in form, The data was plotted in semi-log. form as

suggested by Weigerink, Tho results arc shown in fig, A.,3. where

the logarithm of the moisture content is plotted against the reciprocal
of the absolute temperasture, giving a straight line correlation up to
212'F with a tendency for the gradient to assume a different value at

higher valucs.

Ter zleno .
Tho data (fige. A.4.) for terylene is less extensive

as in repeating a series of the type described above for Ardil, for a
diffcrent value of temperature thore was no perceptible difference in
the curve. Thus the effect of temperature was found to be negligible
in the case of terylencs The actual values of the equilibrium

moisture contents arc very much lower than those for Ardil.

Discussion - Method.

The method used appeared to be satisfactory from the
point of view of reproducibility and ease of operation. It is only
at high rclative humiditics that the apparatus is unsuitablc because
of the difficulty of preventing the condensing out of vapour in the
line bctween the saturators and the coil heaters, At high humidities
the moisture tended to condense out and block the line, Hence the
oxperimental work was rostricted to values of relative humidity below

80 pcr cente Below this value of relative humidity the tendency for
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the moisture to condense out was controlled by heating the tubing;
connecting the saturators to the heating coils in the o0il bath with

a heating tape.

Results.

The results for Ardil agreed satisfactorily with
those for similar types of fibre, They gave the same general
characteristics in relating relative humidity to moisture content as
those shown by the work of Weigerink(l) and the earlier work of Urquhart
and Williams(2).

The effect of temperature on the value of the

equilibrium content, at constant relative humidity, was correlated by

an equation of the type,

loge W = % + B where T is temperature, °A

up to 100°C, The gradient appeared to alter above this value of
temperature, a tendency noted by Weigerink,
The results for Terylene relating equilibrium moisture

content to relative humidity, were similar to those for Ardil except

that the effect of temperature appeared to be negligible,
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Calculation

Rate of Evaporation

Width of tow
Weight of tow per ft.
Weight of tew per sq.ft.

Rate of c¢vaporation

Partial pressurc difference (pg = p,)

Mass transfer coefficient kg

Air Velocity.

koMo yPhm
p V

Diffusion coefficient
Air viscosity

Schmidt number
jd
Temperature difference (ty - tg)

Latent hcat

Heat transfer coefficicnt

11.18 x 10~

2,63 x 10
3,66 x 10~
13.9

2

2

1

8,05 x 10~

19.24

2,94 x 1074

98.7

8.31 x 10

3,58 x 1074

1.348 x 10~

-2

5

6.08 x 101

5,9 x 10~
78

998

6,08

2

1b,
1b.fibre.min,.

ft.
1b.

1b'
1b, Hy0

ft2min.

m.mo hg.

moles

ftZSec.atmos.

b
min,

dimensionless
£52
SEC,

1b
ft.sec,

dimensionless
dimensionless
CF

Bty
1b.

Btu
£t2hr, °F,
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-2
Thermal conductivity = 159 x 10 Bt‘;
£t*hr, °F/ft,
Nusselt number = 9.35 dimensionless
-2
Density = 6,21 x 10 1b.
£t2
Reynolds number = 187 dimensionless
jh = 5,62 x 10°°  dimensionless

Ratio 49 = 1,05
jh
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TABLE I
Air-Water
Run dw 1b v ft. d ft. ta OF
No. de ft min., min.
x 102 x 10
1. 10,36 114 2,63 167
2, 10,62 114 2.63 167
3 10,04 114 2,63 167
b 10,35 114 2463 167
5 3,81 114 R.63 95
6. 3464 114 2463 95
7o 3,07 11 2.63 95
8. 3.71 11 2:63 95
TABLE II
Run | v 1b vits | g rt, | 4, OF |Tow Material
No. | de ftmin, | ™™
x 107 x 107
1. 16.8 114 2.63 194 Ardil
2, 10.4 114 2,63 | 167 Ardil
3 6444 114 2.63 | 122 Ardil
e 3.85 114 2.63 95 Ardil
54 16,68 114 263 194 Terylene
6. 10,78 114 2.63 167 Terylene
7o 6.67 114 2.63 122 Terylene
8. 3459 114 2,63 95 Terylene
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TABLE III
Air-Water
il kot b R B M e
1. 13.9 137.0 2,09 167 9.23
2. 10,05 114.,0 2,09 167 8495
3. 92.80 88.3 2,09 167 741
e 7.66 P47 2.09 167 6,80
5e 6.22 54.0 2,09 167 5.30
64 11.02 137.0 2,63 167 8.30
7 10,38 114.0 2,63 167 7.83
8. 9.29 88.3 2,63 167 7.0
% 7434 73.6 2,63 167 5454
10. 5.80 5443 2,63 167 4437
11, 12,2 137.0 3.93 167 8.40
12, 9.53 114.0 3.93 167 6.78
13. 8,15 8843 3.93 167 5.80
14, 636 7440 3493 167 5,10
15. 534 24e3 3.93 167 410
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TABLE IV
Air-Water
Eﬁ? gf %EEQI;. v i%i. Py ~ Dy d ft. | t, °F
x 103 mme hg. | x 10%
1. 3.17 88,0 8.3 263 95
24 kb Thed 8.3 2163 95
3 2,62 57.1 843 2.63 95
e 1.66 39.4 843 2,63 95
54 4403 138.0 8.3 2,63 95
6. 3,82 1140 | &.3 R.63 95
7e 3446 88,3 843 2,63 95
8. 5,01 93.0 14.6 263 122
9. o 68.4 146 2,63 122
10, .64 36.6 14.6 2463 122
11. 4ell 7547 1446 .63 122
12, 6.11 89,0 146 2,63 122
13, 6442 115.0 14e6 2,63 122
144 7.33 137.0 14,6 2,63 122
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Air-Water

Run | G 1b vite | o - d ft, | ta °F
No. de ftzmin. min. ® > 2

x 102 mm.hg. { x 10
15, 9429 8%.3 | 19.24 2,63 | 167
16. 10.38 11440 | 19,24 2,63 | 167
17, 11,02 137.0 | 19.24 2,63 167
184 8,05 98,7 | 19.24 2,63 167
19, 7434 736 | 19:24 2,63 | 167
20, 6458 6440 | 19424 2,63 | 167
21. 5,80 5403 | 19.24 2.63 | 167
22, 4e93 37,0 | 19.24 2.63 | 167
23, 4e75 48,0 | 19.24 2.63 167
e 18,43 137.0 | 29.4 2,63 | 194
25. 16.85 114.0 | 29.4 2,63 | 194
26. 1375 88.7 | 29.4 2,63 | 194
27. 12,10 72,0 | 29.4 2,63 | 194
28. 8,14 64.0 | 29.4 2,63 | 194
29, 7.19 37.0 | 29.4 2,63 | 194
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Run |h B¥L___ | moles Re| Nu | Pr | Sty
No. | f£t°hr®F | ° ft sec.atmos.
x 104 x 10%
1, 7.62 2,69 214| 12,95 | 0,712 8.41
23 5,88 2,10 182 10,0 | 0,712{ 7.76
3. 6,22 2.23 139| 10.0 {0,712 10475
bi 3.93 1,04 96| 6.68|0.712| 9.83
5, 9,56 3443 336| 16.40 | 0,712 6.86
64 9,06 34024 277| 15,40 | 0,712 7.82
7e 8,20 2,93 215| 13,92 | 0.712| 9,10
8. 6,94 2,42 206| 11.30 | 0,709 | 7.84
9 6.18 2,16 151| 10,08 | 0,709 | 9.41
10. 3.65 1.28 81| 5.95|0.709 ! 10,25
11. 5.69 1.98 169| 9.28 | 0.709| 7.74
12, 8445 2.95 217| 13.80 | 0,709 | 8.97
13, 8.89 3,10 279| 14,50 | 0,709 | 7.32
1. | 10,55 3453 333| 16,55 | 0,709 7.00
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Air-Water.
Run |h BE& |k moles Re | wu | Pr | st
No, hr.ftzOF ft2sec. atmos. h
x 104 X lO2
15. 7.0 3439 215 | 10,76 | 0,703 7.12
16, 7.83 3.95 277 | 12,05 | 0,703 | 6,18
17. 8,30 4,03 334 | 12.80 | 0,703 5644
18, 6,08 294 187 9.35 | 0,703 7413
19. 554 2.69 140 8,51 | 0.703 8.60
20, 4,96 241 121 7.62 | 0,703 8.96
21, 4o 37 Re12 103 6,71 | 0.703 9.33
22, 3.72 1,80 69 5,72 | 0,703 | 11,68
23 3.58 1.74 89 5.50 | 0,703 8774
Ry 10,30 443 334 | 15.2 0.694 6464
R5, 8.93 3.87 278 | 13.2 0.694 6484
26, 7.65 3,30 216 | 11.3 0.694 7.53
27, 6473 2,90 137 9.9 0.694 9.38
28, 4a53 1.95 122 6.68 | 0.694 7.87
29, 4,00 1.73 70 5,91 | 0,694 | 12,15
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Air-Water,
Run jh %y MayPom Sc jd
o x 102 . P:LOVZ x 10°
1. 6464 7.79 0,602 5445
2. 6.05 7.31 0,602 5,20
3. 8,84 9.92 0,602 7,07
b 7475 9,10 0.602 6448
5, 5,41 6.43 0,602 4o 51
6. 6.17 7.24, 0,602 5.15
7. 7.17 8,60 0.602 6,12
8, 6.16 7.36 0,606 5,26
9. 7440 8,44, 0,606 6.04
10. 8,05 9.31 0.606 6466
11, 6,08 7.00 0,606 5,00
12, 7,05 8,84 0,606 6,22
13. 5,76 7.15 0,606 5,11
14, 5,51 6484 0,606 4,83
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Air-Water,

Run jh ko MovPrm Sc jd

o x 10° Pl x 10
15, 5,61 10,70 0,608 7160
16, 487 9.26 0.608 6.58
17. 4e28 8,18 0.£08 5,81
18, 5,62 8.31 0,608 5490
19, 6.78 10,00 0,608 7.10
20, 7,07 10,30 0,608 7.31
21, 7.35 11,05 0,608 7.85
22, 9.20 13.28 0,608 Quld
23, 6.88 9490 0,608 7,03
2o 5¢24, 9.18 0,616 6.63
25, 5437 9,57 0.616 6.90
26, 5,92 10.58 0,616 7.62
27, 7.38 11.45 0.616 8426
28, 6420 8,69 0,616 6427
29, 9.55 13.21 0.616 9.58




TABLE V
Methanol=-Air,
Run | ¥ 1b v It -p, | dft. | t, °F
No. | 4o rt®min, | mine
x 10 meBge | 107
1. 3.31 137.0 L 2,63 167
2, 2.78 114.0 4 2.63 167
3.0 | 245 88.3 i 2.63 167
b | 2,09 72,0 Ly 2.63 167
|
5. ? 45 137.0 67 2.63 194
60 1 4oll 114.0 &7 2.63 | 19
To | 346 88.3 67 2,63 194
8. % 2,95 72.0 67 2.63 194
9 i 2u45 137.0 32 263 | 122
10, 216 114,0 32 2,63 122
11, i 1.87 88.3 32 2.63 122
12. { 1.48 72,0 32 2.63 122
13, | 166 137.0 23 2.63 95
14 1.35 114.0 23 2.63 95
15, 1,27 88,3 23 2,63 95
16. 1.02 72.0 23 2,63 95




Methanol-Air,
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Run |h Bt k, Boles he | M Pr | Sty
No, ££°hrOF ft2sec. atmos, | ”
x 104 x 10
Ll 9.9 2,98 334 | 15:40 | 0,694 | 6:63
2, 8,52 2460 277 | 13,25 | 0,694 | 6.90
3.1 7.2 2,21 215 | 11,25 | 0.694| 7.55
be i 6417 1,88 | 176 | 9.60 | 0.694| 7.86
i
5.1 10,58 2,80 | 334 | 16,10 | 0.703| 6.85
6. | 9.13 2,42 g 277 | 13.90 | 0.703| 7.12
Te | 7,69 2,04 | 215 | 13,721 0,703 7.77 {
8 | 657 1.74 ? 176 | 10.05 | 0.703 8.10%
: | !
9. | 10.60 3,02 | 334 | 16.30 | 0,709 6.90
10, 9.45 2,66 277 | 14.50 | 0.709] 7.39
12, | 8,20 2,32 215 | 12,60 | 0,709 8.29?
12, | 6447 1,82 176 | 9.95| 0.709] 7.96
13. | 10,40 2,86 334 | 16.00| 0,710 6.75?
1 8,45 2,32 277 | 13.00| 0,710| 6.60
15,0 7,90 2,18 215 | 12.15| 0.710| 7.94
16, | 6.3 1,75 176 | 9.80| 0.710] 7.84
|




Methanol=-Air,
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Run ih g MayPbn Se jd
o x 102 oV L 102 x 107
1, 5,15 5,78 1,01 5,78
2. 5.36 6.0 1.01 6,09
3. 5,86 6.67 1.01 6,67
b 6.10 6.96 1.01 6.96
5. 5,36 5,54, 0.98 5045
6. 5,58 5,76 0.98 5,66
7. 6,03 6.28 0.98 6.16
g, 6434 6,58 0.98 647
9. 5,40 6,01 0.97 5,90
10, 5,78 6.38 0.97 6.27
11, 6.48 7.20 0.97 7,07
12, 6.2/ 6,88 0.97 6,76
13. 5,28 5,83 0,965 5,70
14, 5,16 5,71 0,965 5,58
15, 6.21 6,92 0.965 6.77
16. 6.16 6.80 0.965 6.65




Ethanol-Air,.
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TABLE VI

aw 1b

x 10% mnohgs | x 107
1. 4ol 137 I 2,63 | 194
2, 2,78 88 A 2,63 | 194
3. 2.38 70 4, 2.63 194
be 2,16 57 bdy 2,63 | 194
54 3,03 137 37 2,63 | 167
6e 2,45 88 37 2,63 | 167
7. 2.23 70 37 2,63 | 167
8. 1.73 57 37 2.63 | 167
9. 2,59 137 28 2,63 | 122
10, 1.95 88 28 2.63 | 122
11. 1.73 70 28 2,63 | 122
12. 1,51 57 28 2.63 | 122
134 2,09 137 22 2.63 95
1 1.59 88 22 2,63 95
15, 1.30 70 22 2.63 95
16. 1,15 57 22 2.63 95
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Ethanol-Air,

Run | b EE; — | kg mO;eS CRe | Pr Sta
No. ftThr ' F ft sec.atmos.
x 104 X lO2
1.] 10,2 2459 336 | 15,7 | 0.694 | 6,70
2. 7.16 1.81 214 | 11,0 | 0,694 | 7.39
3. 5,91 1,49 172 | 9.1 | 0,694 | 7.65
be 5.36 1.36 132 | 8.25| 0.694 | 8,98
5.1 10.70 2,24 336 | 6.96! 0.703 | 6.96
6. 8,65 1.83 21, | 8.80! 0,703 | 8.80
(e 7.90 1,67 | 172 | 10.05| 0,703 | 10,05
8o 6.12 1,30 | 132 | 10,10! 0,703 ! 10,10
9, | 11.80 2.56 336 | 7,97, 0,708 | 7.97
10. | 8.80 1.92 214 | 9.00! 0,708 | 9.00
11. 7.80 1.73 172 | 9.91| 0.708 | 9.91
12, 6.85 1.50 132 | 10,10 0.708 | 10,10
13. | 12,10 2.63 33% | 7.80| 0.710 | 7.80
14, 9.20 1.99 214 | 9.26] 0.710 | 9.26
15. 7450 1.63 172 } 9.24| 0,710 | 9440
16. 6.65 1.45 132 % 1o.9oi 0,720 10,90
i j _




Ethanol-Air,
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gg? jh kM B Sc jd
x 102 P VR x 10°

1. 5.21 4.91 1,34 5,98

2. 5.75 5437 134 6,48

3 5.95 5454 1.34 6.74

bon 6.98 6.08 | 1.3 7.40

.1

5 5450 bod2 L 1.32 5.25

é. 6.95 5.67 ? 1.32 6.83

. 795 6,46 % 1.32 7.80

8. 7,98 6,08 f 1.32 7.33

9. 6.30 5,29 1.31 6.2

10. 7.10 5,81 1.31 6,96
11. 7.86 6,57 1.31 7.88
12, 7.98 6.88 1.31 8.35
13. 6.18 5,35 1.30 6.40
Lo | 735 6434 1.30 7.57
15. | 745 6.50 1.30 7.76
16, 8456 6.97 1.30 8.35
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TABLE VII
N=Propanol - Air,
dw 1b ft. o)
Run == V —- Pa = P d ft. F
No. | de ft’min. min. s -8 &
x 10° mm.hg. | x 10°
1. 425 137 42,0 2.63 194
2. 3.82 114 42,0 2,63 19/
3. 3424 a8 42,0 2.63 194
e 2,68 70 42,0 2,63 194
5. 3.82 137 33.0 2.63 167
6. 3.31 114 33,0 2.63 167
7. 2.59 88 33,0 2.63 167
8. 2.31 70 33.0 2,63 167
9. 292 137 25.0 .63 122
10, 2.52 114 25,0 2.63 122
11. 2.09 88 25.0 2.63 122
12, 1.80 70 25,0 2,63 122
13, 2,02 137 16.5 2463 95
14. 1.87 114 16.5 2.63 95
15, 1.51 88 16.5 2,63 S5
16, 1.26 70 16.5 2,63 95
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N~-propanol = Air,

Run | b S |ic, 2002 Re| ¥ | Pr | St
No. ££%hr"F £t sec.atmos.
x 104 x 10°
1. 10,40 2,14 336 | 15.90 | 0,694 | 6.83
2. 9.4 1.91 277 | 14.30 | 0.694 | 7.44
3 7.98 1.62 L 214 | 12,12 | 0.694 | 8.19
be 6456 1,34 172 | 9.96 | 0.694 | 8.37
5.1 12,20 2447 336 | 18,50 | 0,703 | 7.83
6. | 10.60 2,15 277 | 16,10 | 0,703 | 8.26
7. 8.28 1.68 214 | 12,60 | 0,703 | 8,40
8 7.35 1.49 172 | 11.18 | 0,703 | 9.76
9. 12,00 2.40 337 | 18.20 | 0.709 | 7.65
10. | 10.38 2,12 277 | 15,75 | 0.709 | 8.03
11. 8.58 1.73 214 { 13,05 | 0,709 | 8.59
12, 7,40 1.39 172 | 11,25 | 0,709 | 9.21
13, 11.60 2,60 | 336 | 17.60 | 0,710 | 7436
1. | 10,80 2.34 217 | 16,40 | om0 | s
15, 8.71 1.93 ) 214 | 13,25 § 0.710 3 8.71
16, 727 1.61 | 172 L 11,05 E 0,710 % 9.06




N-propanol = Air,
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Run jh koMo vPom Se jd
To v
x 107 x 10° x 10°
1. 5,31 435 1.59 5.9
2, 5,79 463 1.59 6,32
3. 6.37 5,14 1.59 7,02
he 6.51 5,30 1.59 7,24
5, 6.09 486 1.56 6.55
6. 6ubds 5,03 1.56 6.77
7. 6,51, 5,12 1,56 6.88
8. 7.60 5,72 1.56 7,70
9. 5,95 4T 1.55 6442
10. 6.40 5,01 1.55 6,75
11 6,67 5,34 1.55 7.19
12, 7.18 5,40 1.55 7.27
13. 5.7 4492 1.54 6456
1. 6.60 5,45 1,54 7.26
15. 6,79 5,75 1.54 7.66
16. 7.07 5,96 1.54

b e

7495
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TABLE VIII
N=-butanol = Air,
x 10° mm.hg. | x 107

1. 4483 137.0 40 2,63 © 19

20 1 47 114,0 40 2,63 194,

3. | 3.10 85,3 40 263 | 194

be 2445 5540 40 2.63 ? 194

r

5, 3046 | 137.0 2845 2,63 § 167

6. 3.02 114.0 28.5 2,63 ; 167

7 2,45 88,3 28,5 2.63 ! 167

8. 1.84 55,0 28.5 2.63 i 167

9. | 1.08 137.0 9.0 | 2.63 | 95

0. | 09 114.0 9.0 2.63 i 95
11. 0479 88,3 9.0 2.63 | 95
12, 0.54 5540 9.0 263 | 95
13. 1.73 137.0 1445 2.63 122
L4e 1 1.48 114.0 14.5 .63 122
15, ' 115 88. 3 15 | 263 | 122
16. é 0,86 55.0 1445 2.63 | 122
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Ne~butanol - Air,

Run hgiu———;rk moles | Re | Yo | Pr~ | st
No, ftzhroF g ftzseé.atmos. i h
X 104 | X 1021
1. | 11,40 2,045 336 17,3 | 0,694 | 7.4l
2. | 9.70 1.78 277 | 14,9 | 0,694 | 7.73
3.0 7,30 1,32 214 | 11,10 | 0.694 | 7.45
be | 6,10 1,105 132 | 9.25 | 0,694 [10,50
5. | 10.90 2,075 33 116.7 | 0,703 | 7,05
6. | 9.5 1,815 277 | 1.6 | 0,703 | 7.41
(R 1,595 214 ! 12,9 | 0,703 | 8.54
g, | 5.82 1,105 132 | 8.9 | 0,703 | 9.58
9. | 10.70 2,05 336 | 16.4 | 0.712 | 6.86
0. | 9.65 1.8/ 217 | 14.8 | 0,712 | 7.51
1. | 7.86 1,50 214 12,1 ! o712 7.96
12, | 5.36 1.14 132 | 8.2 | 07121 8.7
13. | 10,40 1 2,04 336 E 15.9 | 0,709 | 6.86
Y. | 8,90 1.75 2717 1 13.6 | 0,709 | 6,94
15.; 695 1 1.3 214 | 10,65 | 0,709 3 7,02 |
6] s, 1m 132 | 8.65 ; 0,709 | 9.30
! 5 - ;




N-butanol - Air,
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|

Run jh kg MavPm ! Se jd
s x 107 P on | x 10
1, 577 | 419 1.77 6,11
2. 6,02 4e36 1,77 6435
3, 5,80 5,08 1,77 7441
b 8,17 5,60 1.77 8,17

|

5. 5.55 4o O7 1.74 5495
6. 5,84 428 1.74 6.18
T 6.73 4490 174 7.07
8. 7.55 5,28 1.74 7454
9. 5,45 3,88 1.72 5.85
10, 5,96 bo21, 1,72 6.07
11, 6432 435 1.72 6439
12, 6.95 5,36 1.72 7.70
13, 5,43 4205 1.73 5,97
| 1. 5,50 4hs 20 1.73 6,03
15, 5,56 4221173 67
| 16, 7.3 ) 58 1 173 | 7.8
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TABLE IX
Trichloroethylene-Air,
| Run | b v fﬁl b, =Dy | dft. |, °F
No. de ft min. min.
x 10° mm.hg. | x 107
1. 418 88,3 28.5 2,63 95
2, 4490 114.0 28,5 2,63 95
3. 5,18 137.0 28,5 2,63 95
ha 2,95 72,0 28.5 2.63 95
5, 3,06 55,0 28,5 2,63 95
6o 7.13 114.0 47.0 2,63 | 122
7. 8,36 137.0 47.0 2,63 | 122
8. 5.98 88, 3 47,0 2,63 | 122
9. 475 72,0 47,0 2,63 | 122
10, 461 55,0 47,0 2.63 | 122
11. 8,00 72,0 69.0 2.63 | 167
12, 10.30 § 88,3 69.0 2.63 | 167
13, 11,80 | 1140 | 69,0 2.63 | 167
1 13,70 137.0 | 69.0 263 1 167
15. 7.35 i 55,0 69.0 2,63 % 167
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Trichloroethylene-Air,

x 102 mm, hg.| x 10°
16, 16,80 114.0 96,0 2,63 | 194
17. 19,50 137.0 96.0 2,63 | 194
18. 15.10 88.3 96.0 2,63 | 194
19. 12.30 72,0 96.0 2,63 | 194
20. 9.50 55,0 96.0 2,63 | 194
|
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Trichloroethylene-Air,

p—gp—

e

— s et

Run | h B8 'y moles Re | MNu Pr | St
No. £42hrOF | © ft2scc.atmog.
x 10% x 10°
1s 8455 1,43 215 | 13,15 | 0,710 | 8,22
2. | 10440 1.645 277 | 16,0 | 0,710 | 8.13
3. | 10.80 1477 334 | 16460 | 0.710 | 7.00
Lo 6415 1,01 176 | 9.45 | 0,710 | 7.57
5 6438 1.045 134 | 9,80 | 0.710 | 10.30
b 8474 1.46 277 | 13,40 | 04709 | 6.84
7.1 10.25 1,715 334 | 15,75 | 0,709 | 6.56
8 7432 1.225 215 | 11.20 | 0.709 | 7.34
9. 5.83 0.975 176 | 8.95 | 0,709 { 7.18
10, 5065 0.95 134 | 8.68 | 0,709 | 9,14
- —_—
11, 6.08 1.265 176} 9.45 | 0,703 | 7.64
12, 7.85 1,445 215 { 12,20 | 0,703 | 8,07
13, 9,00 i 1,655 277 | 14,40 | 0,703 § 7420
14e | 10,42 % 1,92 334 1 16,20 1 0,703 E 6.90
15. 5460 § 1.035 134 | 8,70 % 0,703 ©  9.20
i ! i '




o e
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Phastenn

Run |h 24 k, 0708 Re | Nu Pr St
No. £t“hr°F ft“sec,atmos,

x 10% x 107
16. 9,85 1,690 277 | 15415 | 0.694 | 7.80
17, 11.40 1.980 334 | 17.5 0,694 Ted5
18, 8.87 1.53 215 | 13.62 | 0.694 | 9.02
19. 7.22 1,23 176 | 11.10 | 6.694 | 9.08 |
20, 5.57 0.96 134 8.55 | 0.694 9.20




Trichloroethylene-Air,
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Run jh kg MayPpp Se ja
No. p Vv
x 10° x 10° x 107
1. 6,49 hid2 2,10 7,29
2. 6442 3.93 2,10 6,48
3. 5,53 3,50 2,10 5,78
by 5,98 3.82 2,10 6430
5. 8.13 5,18 2,10 8,52
|
6, 5,40 i 3.34 2,11 5,48
7, 5,18 E 3,25 2.11 5.34
8. 5,80 | 3.64 2,11 5,97
9. 5,67 3,48 2,11 5,71
10, 7.21 hol8 2,11 7.35
11, 6.03 4aT8 2,12 774
12, 6.37 4e38 2,12 7.25
13, 5,68 3,87 2,12 6430
14. 5e45 3:74 2,12 6.18
15. 7.26 4298 2,12 % 8,26
|




Trichloroethylene=-Air.

Run jh Ko MoyPnm Se jd
No. pV

x 10° x 10° x 107
16. 6,16 4012 2e14 6.89
17, 5,88 4,03 il 6470
18. 7.12 4485 2.14 8,08
19. 7.16 4e'76 2.14 7.94
20, 7.26 4,93 Re14 8,22

|
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TABLE X
Diffusion Coefficients
Run | Dp §§§. v g, ty d ft. | a ft.
No. x 101t °F F | x10% | x 204
1. | 5.58 1.8 | 212 | 120 | 2.63] 1.8
2. | 6455 2,28 | 212 | 120 | 2,63} 1.8
30| 4091 1.6 1 212 | 120 | 2.63] 1.8
he | 3.67 1,14 { 222 | 120 | 2,63 1.8
501 5.32 146 | 212 | 106 | 2,63 1.8
6. | 8.60 2.2¢6 | 212 | 106 | 2.63| 1.8
7. | 6.88 1.89 | 212 P 106 2,63 | 1.8
8.1 458 | L4 | 202 | 106 | 2.63] 1.8
9 | 3.4 2.28 | 212 | 166 | 2.63| 1.8
10, | 2,96 1.89 | 212 | 166 | 2.63| 1.8
1, | 2.62 146 | 212 | 166 | 2.63) 1.8
12, { 2,16 .1 | 212 | 166 | 2.63) 1.8
13. | 5,06 2.28 | 167 | 115 | 2.63| 1.8
e | 5,00 1,89 | 167 | 115 | 2.63] 1.8
15, | 3.80 146 | 167 | 115 | 2631 1.8
16, | 3.2 .1 | 167 | 115 | 2631 1.8
17. | 5.40 146 | 167 97 | 2.63] 1.8
18, | 6.42 1.89 | 167 97 | 2.63| 1.8
9.1 7,95 | 228 | 167 | ov | 263] 1.8
200 | 4.65 114 | 167 97 | 2.63| 1.8




Diffusion Coefficients
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2

Run |Dp S |V e gy t, a £t, | aft.
Ho- x 10} oF Tl o102 | x 10b
21, 2.78| 2.28 | 167 | 120 263 | 1.8
22, 2,781 1.89 | 167 | 129 | 2.63] 1.8
23, 2,291 1.46 | 167 | 129 2.63 | 1.8
24 1770 1.4 | w7 [ 1o | 263 1.8
25, 40801 2,23 | 122 78 | 2.63]| 1.8
26. 4e22) 1,89 | 122 78 .63 | 1.8
27, 3,150 1.46 | 122 78 | 2.63| 1.8
28, 2.50) 1.14 { 122 78 | 2.63| 1.8
29. 3,50] 2.28 | 122 93 | 2.63| 1.8
30, 2,80} 1.89 | 122 93 | 2.63] 1.8
31, 2,350 1.46 | 122 93 | 2,63 1.8
324 170 1.4 | 122 93 | 2.63| 1.8
33. 2,20 2.28 | 122 | 107 | 2.63| 1.8
34s 173 1.8 | 122 | 107 | 2.63] 1.8
354 1,411 .46 | 122 | 107 2.631 1.8
36. 1,04] 114 ] 122 | 107 { 2.63) 1.8




e Summary

The previous experimental and theoretical work ,am
the relationships between the rates of heat and mass transfer was
reviewed. Experimental work was conducted in order to accumulate
sufficient data on the system of a gas flowing overan object of
rectangular cross-section so that the rates of heattransfer, mass
transfer, might be related to the flow characteristics of the system,
expressed in terms of the Reynolds group.

The experimental work was carried out in a pilot
plant continuous fibre drier. The fibre, moving through the drier,
becomes compressed into the form of a continuous slab of rectangular
section. In the drier, the air flows at right angles to one of the
two larger surfaces of the fibre tow, giving the system desired.

Water was evaporated from the fibre tow and the rates of heat and mass
transfer measured during the constant rate period of drying over a wide
range of air conditions. The following equations wore used to

correlate the results,
/ X
— = f(Re,Sc)

Nu = £ (Re,Pr)
In order to investigate the effect of the Schmidt group, liquids of
varying physical properties, were evaporated from the fibre tow, the

experiments being similar to those carried out with water. The results



were correlated by the following equations,

W 0.70¢  0.33
Mass Transfer =0.24 Re Sc
D

0 70
Heat Transfer Nu = 0.32 Re * Pr

The rates of heat and mass transfer wore compared using j factors
and * /jh was found to be 1.05.

The drying characteristics of a continuous fibre
drier were also investigated and the rate of drying during the const

rate period was found to be given by,

A - 5.58 X iC”Cpg - Pa)V°'7"

No method was found of predicting the critical moisture content undo:
varying air conditions. The factors influencing the rate of drying
during the falling rate period were also investigated and diffusion
was found to be the controlling factor in the drying of fibre tows.
Investigations into the falling rate period wore carried out by
comparing the drying curve to that for diffusion from a porous slab.
The time taken for the fibre to dry from the critical moisture conter
Wo to some other value of moisture content (W) is given by the cquatj

W - Wo

The diffusion coefficient, D,, was found to be influenced by



temperature, humidity, and air velocity. The effect of velocity was

found to be related to the diffusion coefficient by the relationship,

Dp X

However the effects of temperature and humidity could not be expressed
in mathematical terms.

In order to obtain the relationship for the falling
rate period, the equilibrium moisture contents over a wide range of

ambient air conditions were measured.



