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Abstract—The evaporation of liquid from a moving belt of liquid impregnated synthetic fibre has
been studied as a problem in simultaneous heat and mass transfer by forced convection in a system

which comprises several identical elements.
The novel apparatus is described which provides

means of studying a variety of parameters under

steady-state conditions. Expressions for heat- and mass-transfer rates are given, the equivalence of
J-factors is demonstrated, and the index of the Schmidt number is shown to be 0-576. All results were
correlated statistically.

NOMENCLATURE
a, tow section perimeter, ft;
b, regression coefficient, statistical cor-
relations;
c, concentration, 1b mol/ft3;
Cps heat capacity, Btu/lb degF;
<, heat capacity of fibre, Btu/lb degF;
d, tow width, ft;
D, diffusion coefficient, ft%/s;
dw/d#@, rate of evaporation, 1b/ft* min;
7 indicating functional relationship;
F, fibre flow rate, lb/s;
h, heat-transfer coefficient,
Btu/ft? h degF;
Jno heat-transfer j-factor, dimensionless;
Jas mass-transfer j-factor, dimensionless;
k, thermal conductivity,
Btu ft/ft2h degF;
k, k', constants, dimensionless;
kg, mass-transfer coefficient, 1b mols/ft?
atm h;
k., mass-transfer coefficient, 1b mols/ft?
(unit concn.) h;
L, length of tow on cage, ft;
M, molecular weight;

m, m’, n, n’, exponents;

N, diffusion rate, 1b mols/ft2h;
P, partial pressure, atm or mmHg;
S, fibre speed, ft/s;
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Ty, fibre surface temperature, °F;
to, air temperature, °F;
u, air velocity, ft/unit time;
X, moisture content, b moisture/lb dry
fibre;
z, diffusing length;
Re, Reynolds number, dimensionless;
Se, Schmidt number, dimensionless;
Nu, Nusselt number, dimensionless;
Pr, Prandtl number, dimensionless;
a, tow thickness, ft;
B, weight of tow per foot length, 1b/ ft;
P, density, 1b/ft3;
i, viscosity, 1b/ft s;
a9, time, s;
, total pressure, atm;
a, surface tension, 1b;
A, latent heat, Btu/Ib.
Subscripts
a, diffusing gas;
b, non-diffusing gas (air);
b, log mean of 5.

EvVEN theoretically justified correlations, which
have themselves been derived from experiments
upon single-element systems, do not always
prove to be accurate upon the larger scale. Such
an instance is the design of evaporators where
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rates for single tubes differ from those of identical
tubes in bundles. Thus, valuable j-factor
correlations [1-4] which are well substantiated
theoretically ([5-7] may not necessarily be
accurate in a multi-elemental system. To test
this, a multi-elemental apparatus was devised in
which simultaneous heat and mass transfer took
place under steady-state conditions.

APPARATUS

Figures 1 and 2 show the apparatus. A con-
tinuous tow (belt) of wetted multifilament fibre
was fed on to a rotating cage, and formed into a
number of discrete spirals, then drawn off. Hot
air blown from within the cage, passed radially
outwards through the spaces between the
spirals of tow, causing evaporation. The system
afforded:

(1) Ten to fourteen elements, for each spiral
may be so regarded.

(2) Steady-state conditions, for, being a flow
system, it was not time dependent.

(3) Simple measurement of transfer rates, for
if evaporation was held to the constant-
rate period of drying, surface renewal of
moisture was not rate controlling, and

Spent air

!
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rates were dictated by gas boundary layer
alone.

(4) Change of gas Schmidt number according
to the choice of impregnating liquid.

(5) A drying surface of virtually rectangular
cross section, whose dimensions did not
change along the spirals.

Drying cage

The drying cage assembly (Fig. 1) consisted
of a 4-375-in dia. hollow shaft over one end of
which was fixed the cage, which comprised two
16-25-in dia. stainless-steel plates linked by
sixteen radially spaced 0-5-in stainless-steel rods.
making an enclosure 16 x 18 in. Hot air led into
the shaft escaped through suitably placed holes
fitted with blading, and through a diffuser. The
final air distribution along the length of the cage
1s shown in Fig. 3, which reveals only minor
random fluctuations. The unit was housed in an
insulated box.

Tow advancement

The continuous tow was taken from a supply
drum and fed by a pair of powered rollers (A)
(Fig. 2) into a padding bath. After due immersion
time, the tow was withdrawn by a second pair
of powered rollers (B) which mangled the fibre

Hot air in

B S
Wet fibre tow in

Variable speed
of rotation

Spent air

Spent air

———— =
Partiolly dried
fibre out

FiG. 1. Basic arrangement within drying compartment.
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to remove surplus moisture, the squeeze being
controlled to give the desired inlet moisture
conditions to the drier. Before passing on to
the cage, the tow passed over a tension roller,
having the same peripheral speed as the cage,
and 15 per cent greater than roller (B), which
was itself adjustable to within +5 per cent of

Air velocity distribution
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the speed of (A). This permitted shrinkage and
changes in padding time to be accommodated.

The tow was led round the cage, and once per
spiral run over a skew roller, consisting of a
20 X 2 in dia. fluted stainless-steel shaft, free to
rotate on an axis skew to the cage axis, but held
rigid at one end by a ball bearing assembly. By
adjustment of the skew, the number of spirals,
and therefore the tow spacing, were readily
altered.

From the last spiral the tow was led through
spring-loaded off-take rollers to a collection
drum.

Transmission

A } h.p. motor, geared down, and operated
through an infinitely variable gear provided a
wide range of cage speeds, and thus residence
times. The system could be operated at peripheral
speeds of from 9-9 to 80 ft/min, corresponding
to a maximum input of 30 Ib/h.

Air control

Steady-state air humidity was achieved by
adjustment of a bleed manifold between drier
and the 7-kW electric heater. For work with
alcohols a steam-heated exchanger was used.

Padding system

The padding liquid was circulated from a
constant-head tank to a bath of 1 ft® capacity
in the form of a 4-in dia. glass U-tube with
overflow ducts.

160 !
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FiG. 3.
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Instrumentation

Air temperature was controlled to within 0-5
degC by a three-term recorder—controller. The
inlet-fibre temperature was taken as the padding-
bath temperature, whose heat capacity was very
large compared to the heat of wetting of the
fibre. The outlet temperature was obtained by
passing the tow over a plastic block (Fig. 4) in
which was embedded the cold junction of a
thermocouple, the hot junction being in the
inlet air. The effect of heat by friction was
tested and found negligible for the partially

damp fibre.

iz

Fic. 4.

~Brass disc

Thermocouple
__leads

Humidity was measured with wet- and dry-
bulb thermometers in the case of water-vapour
experiments, and with a specially developed
dew-point apparatus {8] for other vapours. Air
flow was measured by a calibrated orifice placed
in an 8-ft straight section of 6-in duct. Point
values of air flow were measured by a hot-wire
anemometer built after the method of Lowe and
Hawes [9]. It was set up on the upper side of the
cage, and was operated by remote control.

EXPERIMENTAL PROCEDURE
The tow was synthetic protein fibre (Ardil)
which was available in 3000-ft lengths in various

and D. CLELAND

deniers from 3-5 to 22, and various filament
numbers. Some comparative experiments were
done with Terylene tow, but, since this material
required an entirely different degree of stretch,
it was abandoned.

The machine was operated continuously until
absolutely steady-state conditions had been
achieved for at least 30 min. Variation in air
velocity, tow width, tow spacing, and partial
pressure differences were studied for each liquid.
The fibre was always maintained above the
critical moisture content by suitable adjustment
of the fibre flow rate through the machine.

This did not affect either heat- or mass-transfer
rates. At the end of the steady-state run, the
machine was shut down in an instant, and fibre
samples swiftly taken from pre-determined
points along the tow as it lay on the cage. Data
from these samples gave the information to plot
a rate-of-drying curve from which all other
information could be derived. Moisture contents
were determined by a gravimetric method and
the results expressed on a dry basis.

THEORY

Heat transfer

As conditions of the experiment did not
permit variations in gas Prandtl numbers, the
value of the exponent for this number was
chosen as 0-33 in common with other workers
using the most nearly similar situations [10].
Thus heat transfer could be written:

Nu = k Re™ Pr®33, ¢))

Heat-transfer coefficient

Consider Fig. 5 which depicts a short element
of tow 8L moving at a speed of S ft/s, so that it
takes any point 86 seconds to move through the
element. Let the fibre temperature as it enters
the element be 7y and the air temperature ,.
Let the fibre enter at a moisture content of x,
and lose 8x in the element. Then, by heat
balance:

a 8L h{ty — [Ty + (dTy/dL)SL)} 86

= F80[(8T7cy) + (x — dx)cp 8Ty +— 8xA] (2)
cancelling 86 and second order terms, in the
limit

adL h(ta — Ty) = F(dTycs + dx d).  (3)
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Now,
dL = Sdfand F =SB C)]
Then,
df = (8/F) dL, &)
ie.
d (a/B) h(ta — T7) = dTycr + dx A
and,
dx _ ah(ty — Ty) dTyer 6
de — B e ©)

Now, at the constant rate, the surface tem-
perature remains constant, hence

d7y
@ =0
Thus, integrating,
B — FAxA ;
= Lt —T7) @

Mass transfer
The general expression for diffusion, in terms
of partial pressure is:

RT
dPa = —D—ab;_(Nan - NbPa) dz. (8)

In this investigation the evaporating liquid
(as vapour) was diffusing through a non-diffusing
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medium; hence Ny = 0, and N, is constant
(steady state). Then since Py = = — Pq, and,
if Dgp remains constant, it may be shown [11]
that:

kgMavPbm Scl

U pay

- = jy = k' Rem'-L. (9)

Mass-transfer coefficient

Consider again Fig. 5. Let the surface vapour
pressure of the fibre be P; at entry to the element
and P; — (dP;/dL)SL at the exit. Let Py be the
partial pressure of vapour in the ambient air-
drying stream. Then, by mass balance:

[(Pz- + P; — [dPi/dL] 8L
ky

5 —PaJ adLd6 M

— F388x. (10)

In the limit as 8L becomes vanishingly small
this becomes,

ky(P; — Pu)adL)M = Fdx (1D)
and substituting from (5),
kg(Pi — Pa)(a/f)M = dx/db. (12)

EXPERIMENTAL RESULTS

Both Gilliland [12] and Powell [4] have shown
that when transfer is gas “film” controlled, the
surface material does not affect transfer rates.
This was corroborated using such dissimilar
moisture-retaining materials as Ardil (100 per
cent moisture) and Terylene (2-3 per cent
moisture) (see Table 1).

Table 1
Temperature (degF) 194 167 122 95
Ardil
dw/dé [(Ib/ft> min) x 10°]| 16-80- 1040 644 3-85
Terylene
dw/dé [(Ib/ft? min) x 10%] | 16:68 10-78 6:67 3-59

Table 2 gives results of tests of experimental
reliability demonstrating +4 per cent.
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Table 2
Air Temperature 167°F Air Temperature 122°F
dw/dé Deviation dw/dé Deviation
[(In/ft? min) X 10%] %) [(Ib/ft> min) x 10°] (%)
1036 +0-25 381 +1-0
10-62 4273 3-64 —37
10-04 —297 3-07 +2-7
10-35 +0-13 37 —17

Interaction of parameters

Each variable was tested in turn with all other
factors constant. The exact relationship between
rate of drying, expressed as pounds moisture
evaporated per pound dry fibre, dx/df, and the
variable was calculated statistically using the
method of least squares as outlined by Davies
{13]. The regression coefficient was calculated
for the F-value, and compared with standard
F-value statistical tables.

All preliminary experiments were done with
the water-air system. Thereafter a range of
lower alcohols and trichloroethylene were used
to give a range of Schmidt numbers. The basis of
choice was volatility, Schmidt number, and
predictability of toxic and explosion hazards.

MASS TRANSFER

Correlation of air-water experiments
A series of runs (Table 3 and Fig. 6) was done

at velocities from 37 to 140 ft/min at 167°F and
constant partial-pressure difference, and gave
the correlation

dw/df = f(u)® (13)
where b is the regression coefficient, and is
shown to be highly significant. The influence of
partial-pressure driving force on rates, and the
possibility of an interaction between velocity
and partial pressure were checked. The regression
coefficient b was found to vary with partial
pressure, though not in any systematic manner.
To check whether there was any interaction
between air velocity and 4P,, the highest and
lowest values of » (0-783 at 29-4 mm, and 0-702
at §-33 mm) were compared by the t-test, and
shown to be without significance, so that the
rate equation may be written

dw/d6 = f(ubAP,).

Table 3. Correlation of air-water system

Run dw/dé u d ta h
no [(b/ft2min) < 10] (ft/min) (ft x 10% (degF) (Btu/ft? h degF)
1 139 1370 2:09 167 9-23
2 10-05 114-0 209 167 895
2 9-80 883 2:09 167 7-41
4 7-66 747 2:09 167 6-80
5 622 54-0 2:09 167 5-30
6 11-02 137-0 2-63 167 830
7 10-38 114-0 2-63 167 7-83
8 9-29 883 2:63 167 70
9 7-34 73-6 2:63 167 5-54
10 5-80 54-3 2:63 167 4-37
11 122 137-0 393 167 8-40
12 9-53 1140 393 167 6-78
13 8-15 883 393 167 5-80
14 6:36 74-0 3-93 167 5-10
15 534 54-3 393 167 4-10
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Table 4. Air-water system—influence of tow width

Run dw/dé u P, — P, d ta
no. [db/ft2min x 10%)] (ft/min) (mm Hg) (ft x 10%) (degF)
1 317 88-0 83 2:63 95
2 245 744 83 2:63 95
3 2:62 571 83 2:63 95
4 1-66 394 83 2-63 95
5 4-03 1380 83 2-63 95
6 3-82 114-0 83 2:63 95
7 346 88-3 83 2:63 95
8 501 930 146 2:63 122
9 446 68-4 146 2:63 122
10 2-64 366 14-6 263 122
11 411 757 146 2:63 122
12 611 89-0 14-6 2-63 122
13 642 1150 14-6 2:63 122
14 7-33 137-0 146 263 122
15 929 883 19-24 2:63 167
16 10-38 114-0 19-24 2:63 167
17 11-02 1370 19-24 2:63 167
18 805 987 19-24 2:63 167
19 7-34 736 1924 2:63 167
20 658 64-0 19-24 2-63 167
21 5-80 54-3 19-24 2:63 167
22 493 370 19-24 2-63 167
23 4-75 480 19-24 2:63 167
24 18-43 137:0 294 263 194
25 16-85 114-0 294 2:63 194
26 1375 88-7 29-4 2-63 194
27 12-10 720 29-4 2-63 194
28 814 64-0 29-4 2:63 194

29 7-19 37:0 294 2:63 194
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The mean value of b was calculated by the
method of William [14] which takes into account
the different number of points chosen to calcu-
late the original gradients. This yields

dw/d8 = fu>™14P,). (14)

The influence of tow width was studied, and
the results given in Table 4 and Fig. 7, showed a

relation
ddw/dl = flud)*. (15)

The influence of tow spacing at constant air
velocity was investigated, and showed only
slight random variations.

Mass-transfer equation
The final relationship may be expressed by

0-74
dw/df = 5-58 x 10-9 “—d—o-é—]fi‘. (16)
Before rendering this in dimensionless form the
characteristic linear dimension must be decided
upon. While on the cage, the fibre tow assumes
a thin rectangular section. Powell [4], who
investigated flow past rectangular-sectioned
bodies, showed that little difference occurred
between up- and down-stream surfaces. This,
together with the known fact [15] that the
experimental drag coefficient is considerably
greater than the théoretical one, supports the

d
d ﬁ vs.vd

20,
10
£ . — 4
E pa
£ s
£
‘g o P4
BNy
wlo /0
o 9
R o0
1-0 7 a —
Pl
7 C
06 o8 |.0 4 10
ud, f!z/rnin

FiGc. 7.

C. G. M. SLESSER and D. CLELAND

view that the flow pattern is similar to the flow
pattern past a cylinder, where the characteristic
dimension is diameter. It therefore seems
logical to take the tow width as the character-
istic dimension of the present system.

If the data is now rendered into dimensionless
form (Table 5) it yields the expression,

kyMavPbm
Upgy

— 0-33 Re-0%6, (17)

Influence of Schmidt number

The work on the water-air system was
repeated with other liquids and the results are
given in Tables 6-10. The large volume of
experimental data was used to confirm the
exponent of the Reynolds number, and the
regression coefficient b for each liquid is given
in Table 11.

In forming a general expression for mass
transfer, the variations in the power b were
investigated and found to be statistically insig-
nificant. Hence a weighted mean value of b was
used and appropriate adjustments made to the
constant in equation (16), as in Table 12.

In order to determine the effect of the Schmidt
group, the mass-transfer data were plotted as in
Fig. 8. The parameter of the parallel lines is the
Schmidt group. The intercepts at a fixed value
of the Reynolds number were statistically
examined, and gave an exponent for the Schmidt
group of 0-576. This result was tested and shown
to be very highly significant. Thus the overall
mass-transfer equation is shown to be:

jo = KoMaoPon o505 .30 Re-os,
Upgy

(18)

HEAT TRANSFER

The heat-transfer data were readily correlated
on the basis of equation (1). Table 13 summarizes
the results obtained. The differences in the ex-
ponent m were investigated and found to be
insignificant, and a weighted mean was cal-
culated as before [14]. The results are shown in
Table 14, and reveal slight variation in the co-
efficient k. The method of least squares was used
to correlate the individual values and gave:

h
jn = - Pro67 — (32 Re~939,
Cp Parlt

(19)
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SURFACE EVAPORATION BY FORCED CONVECTION 747
Table 12* correlated, the divergence could easily come
= within range of experimental values.
Liquid C‘?I,‘Sﬁ‘)fi“ . Comparative results for heat- and mass-
qui ~ transfer correlations on related single-element
Water 0613 072 studies are given in Tables 15 and 16. The
Methanol 0-856 0-72 most closely related mass-transfer study, that of
Ethanol 1-08 0-72 Lohrisch [17] shows the same dependence on
Propanol e b Schmidt number (0-56 as against 0-576 here),
Trichloroethylene 213 072 but indicates considerable divergence in the
L I Reynolds number influence, though the range
* From equation (16). and Reynolds number studied was different
in the two cases. Fig. 9 shows the results plotted
Ko Mp as jg versus Reynolds number, and it may be
—2v—— vs.Reynolds number . N . . .
—_— seen that Lohrisch’s correlation (line 1) gives a
40 1‘ - - M line of the same slope as the present correlation
- [ | (line 5). If the equation of line 5 [i.e. equation
Lo [ ‘ \\ (18)] be divided by 2, lines 1 and 5 coincide.
2 : — ‘ This factor of 2 as between transfer from
o Lo . a strip and transfer from a cylinder is not sur-
- ~—— 5¢=0:608 Strip & oyl
S o~ [ 098 prising, and the marked similarity of the plotted
& == 5 ~=|32 lines possibly justifies an extension of either
TR T expression to wider ranges of Reynolds number.
i ™ i S My
| | iy — ] i~
—\L — See21Z e T Table 15
L ; —
T 56 I
B ; | \ Systerm K " m Ref.
T T :
Co ‘ \ Cylinder 0-28 —0-56 —0-40 [17]
i Sphere 043  —067 -044  [19]
1057 e 80 100 360 05600
Rectangular-
Reynolds number sectioned
FiG. 8. object 030 —0-567 —0-28 Present
Table 13 Table 14 _ Table 16
k m k m System k m n Ref.
034 0-68 0-31 0-70 Flow past rect-
025 073 0-30 0:70 angular sectioned
028 068 025 070 biects 032 070 033 Present
032 071 028 070 oo
0-38 0-67 0-32 0-70 Flow past cylinders 026 0-60 0-30 [20]
030 071 0-32 0-70 .
Flow through pipes  0-023 0-80 0-33 [21]
DISCUSSION Constants as in equation (1).

Equation (13) for the rate of evaporation of
water may be compared with Powell’s [4] result,
also with rectangular shapes.

His exponent was 0-69, against 0-741 here,

and, since his results were not statistically
2K

The value of 0-576 for the exponent of* the
Schmidt number is of considerable interest
when the experimental result has shown to
be statistically so significant, and it supports
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Gilliland and Sherwood [18] and Lohrisch [17]. Table 17

tegg bzfﬁéagiiggealfﬁﬁﬁg llsllr’(rﬂéa;(l)i‘)l'n e Liquid , K U= @
jn =k Rem @) Vet o o7 oz 1o
jo = k' Rew, @1) Etanol o oxe 1o

These values are shown in Table 18 (see below), Butanol 039 0421 1-065

Trichloroethylene 0-318 0-342 1-08

and it can be shown statistically that the dif-
ference between the corresponding values of m
and m’ are insignificant when compared to the Table 18
range of Reynolds numbers of the points used =—
for the correlations. Hence mean values were
taken for each liquid, and corresponding values
of k and k' appropriately adjusted, as in Table Through circulation drying

System
water-air Jalin Ref.

17, so that the ratio k'/k = ji/j». It may be seen of spheres 093 [22]
that the ratio at all times exceeds 1, except in the  Evaporation from a porous
case of water, by between 2-5 and 8 per cent. block 0-91 [23]
The correlations for this _rlll}ltl-elerl}ental SYStem gy, soration from flat sur-
are thus not only closely similar to single-element face 0-94 [24]

systems, but offer extremely good and well- Present 099 Present
substantiated evidence of the equivalence of the sen L resen

S
Ot -
oos - 5 Modr'f' \
ie
oos be fa 3
oot oy,

L o ;

r N
0-01
o-008~ \
Q-0086 |-

B 2 2
0-00-: 3 |
0-002}- 4

oool L 1 1L i 1l 1 1 A | JE L1l -1 I G B U
OO o 20 40760 |00 200 400 1000 2000 4000 {0000 29600 46200 100000
Reynolds number
Legend.
No. System Medium Y
M, o
| | Flow past cylinders Gases | v, =71,—L 5c°®
4o Mo
2 | Flow paralte! to plotes Gases |vr= —p
B o
3 | Flow through packed solids Gases ./,,(IO')=Q-’—G Pr(io™)
L7
4 | Flow through packed solids Gases | Jy(107)= %&’!uo‘)
L
Pom . o
5 | Flow past rect. sectioned object | Gases 4:7’2”—&:0 57

FiG. 9.
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j-factors. Table 18 gives some comparable results
obtained for the water-air system by other
workers. It is to be noted that this system is one
of the few to be theoretically analysed, and was
shown by Callaghan [21] to have a theoretical
jd/jh ratio of 1-05.

SUMMARY

(1) The j-factor correlation has been applied
to a multi-elemental system and shown to be
valid.

(2) The influence of Schmidt number has been
studied, and by means of rigorous statistical
analysis the exponent has been shown to be
0:576, a value which when tested statistically
was demonstrated to be very highly significant.

(3) Mass- and heat-transfer equations for this
geometry have been evaluated, and it has been
shown that js/j» has a mean value such that:

Ja = 1'05jh = (030 Re—028,
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Zusammenfassung—Das Problem des gleichzeitigen Wirme- und Stoffiiberganges bei Zwangskonvek-
tion liess sich bei der Verdunstung einer Flissigkeit von einem bewegten fliissigkeitsgetrankten Band
aus synthetischen Fasern studieren. Die neuartige Anordnung ist beschrieben. Sie erlaubt die Unter-
suchung einer Vielzahl von Parametern unter stationdren Bedingungen. Gleichungen fiir Wirme- und
Stoffiibergang sind angegeben, die Aquivalenz der j-Faktoren ist nachgewiesen, der Exponent der
Schmidt-Zahl ergibt sich zu 0,576. Alle Ergebnisse wurden statistisch korreliert.

AnHoTamusg—lcnapeHue HUAKOCTH € MOBEPXHOCTH [BIMKYLIENCA JIEHTH CHHTETHYECKOIO
BOJIOKHA, NMPOMMTAHHOTO KUIKOCTBIO, M3Y4Yajloch KaK 3ajada 00 OJHOBPEMEHHOM TEIJo-u

maccoobmene npu
HIeHTHYHBIX 3JIeMEHTOB.

BHHYKAEHHON KOHBEKIHM B CHCTEME,

COCTOAIE M3 HECKOXbLKHUX

OnuceiBaeTcA HOBBI NpHGOp, MO3BOJIAWINME HAXOIUTH PA3IHYHBE IAPAMETPHL CTALHOH-
apHOro TepeHoca Temla M BeljecTBa. IIpMBOGATCA BHIparKeHUA ANA YHEIBHHIX HOTOKOB
TeIJa W MacChl, MOKA3aHA HKBUBAJIEHTHOCTh KOAQPUIUEHTOB j, ¥ ja. llorasaTenp crenmeHu

uyncaa [muara pasen 0,576. Bee peaysnbrarsl 06paGoTaHl CTATHCTHYECKH .



