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ABSTRACT

e

»

Studies were undertaken to investigate the migration
- of the water sol;b]e d}e amaranth {h‘damp powder beds dur}ng
drying under controlled conditions. ,Bed§ of water-s#luble
and watey~1nso]uble powders were used, wetted with purified

water, Lactose B.P. and ¢alcium sulfate dihydrate proved
.to be suitable fq{ this type of study.
A procedurq was developed for the quantitative
determination of amaranth at different dept?s fn the bed
by using a lathe m1lling machine, and specﬁrophotometer
"Drying conditions wnder which the study was conducted were
established first Measurements of the - temperature dfstr1~
bution, drying rate and mo1sture d1str1but1on were made |
under the sgme conditions. The mea;urements of temperature
and moisture distribution 1n the powder bed he]ped in under-
“stand1ng what was oncurring in the body dur1ng the drying .
process. _ . ' ' : 1
The . drying mechnnism was v1su;'756d as consisting of

three zones: constunt rate perfod,. first fnlling rate

»
v a N

period and aécond fallinq rate perfod There was no clear . |
dist1nction be:ueen the first and second falling rate f
pariodsm Thg tumasrnturg gr;d1cnt 1n the bed rgsyltnd 1n
o 41ffusion of vapor w1§h1n gga hgd.qloos thl vgpcr praasure
grndiqnt.- In both ays;gns Amarcn:h nigrnt&d*ﬁg ! lirsn  ‘ f‘
gxtnnt - thg gart; stngg@ of gﬂg”urying process, _7;“’*”“ o

o7 3
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the drying process (1-20). 1n thes studies

attention was drawn to the 1nf1uencev movement on
the rate of drying of stationary beds d porous
materials with one exposed surface. It was shQ!p that the
changes {n the rate of drying with average moisture content,
and the moisture g@radtent 1n the béd a£ various stages of
drying, provide information from which the d1rect1on'%nd
extant of 1tquid movement may bé predicted. Generally

there are two sta?es in the dry1ng‘process. In the first
stage the liquid moves to the exposed surface of the bed

and evaporates. " In the second stage the 11qu1d evaporates

in situ within the bed and the. vapor diffuses to the

—

exposed face. If the %1qu1d contains a solid 1n solution

, thq sol{d will be dibéﬁited during

where evaporation takef place. It f 1lows.,theéefore. that
hlthough 1nft1al}y the solute e uniformly d1str1buted
througﬂout the‘mo1st bed it uill tend to ble segregated
- throuqh 11quid movement as thc de progress1vgly dr1es
Many axnnples of tn1s phlnomenon occur 1n prqct1ce
and some havc 1npo§;n6t consoqncnces. for exnnple. the '
prepnrqt1on of pharnaccuticni tcblats in large quhntitlg,—
usjna a rotary tnbloting nnch1nq depends on obtaining the ,
l@&crial tp be conprﬁsatd in frnc-flquing form which n111
,‘g" pun- 2as{1y4fron the feed hoppnr tnto the die. The usual

S | ‘aithod for pr&p;rina ths fcedastack 1: [Yy untngranulgtc tat**"-

[
B ” "g : . . : ’ : .
' . ™ - i ' - X 4
I i . . . R , Lo .
: 'y 4‘ * » ) .

\
. o ’ o,
* . ‘ .
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C.

powder and thenw to dry the granules. A]thbugn this method
{s intended to produce granules of uniform cohposition. it
has been established that under‘lggzain drying conditions
the outer layer of the g¥anule will have a cOmpos1t1£Q
different ?rom that of the core. Thus a tablet produced
from granulqs in which the binder 1s concentrated in the -
outside layer of the grdnu]es s I1ab]e to have localize; '
areas 'of high cohesion, which hés4st sgfsequent disinte-
gration and dissolution (26). .

Compressed tablets are probably the most widely used

fdolage form for the administration of orally effective

L '\A

‘therapeutic agents, It follows then that migration of the

potent 1ngréd1ent in some tablets, espec1élly in the case of

'a solvent-soluble, low dosage drug, is of great {mportance.

Y '\
/ﬂo this end, spectfications havé been established to control
c

, A\
ontent uniformity of such tablets (U.S.P., B.P.).

N

P
o
%
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REVIE{ OF THE LITERATURE



Drying procedures, like other important ynit opera-
tions ‘tn pharmacy such a& particle size reduction and
blending of solids, have received re]atively litt]e

attention in the pharmaceutica] literature. Within recent
years, however. a growing interest fn these pharmaceutical

engineering areas has become apparent. -

1, Theohy o? Drying

Drying involves both heat and pass transfer opera-
— ¥
tions. Heat must be transferre 0 the mateql:} to be

.dried‘ip order to.supp]y the latent heat reGuired for
-vaporization of the ﬁoi§tgre.. Mass transfer is involved
"1n the diffusion of' 'water through’the material to the
eVaporat1ng surface, the. subsequen: evaporation of the water
from the surface, and diffusion of the resultant vapor into
© the passing alr stream. ’)
The drying process can be more eastly understood {f
attention 1s focussed on the film of liquid at the surche;//
of the maférial being dried. The rate of evaporation of -
th1s fi]m 1s related to the rate of heat transfer by the S

equqtion (1)
' dw/do '=: q/2

- Where dw/de 1s the rate of evapqration in pounds of water
per hour; q (s the overlll rnte of heat transfer to the ”

drying surfnca (Btu per hour); and A 1s the latent heqt of |

LY

| VAporizntion of uatar (Bty per p&hﬂd)

'Y

Thc rate of diffusion qf moisture 1nto the air

P N b~
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Stream i1s expressed by rate equations sim11ar to those for
heat transfer (1) . b .

The ra?e equation ts °
' dw/de = K'A(Hs-Hg)

where dw/d6 {s the rate of diffgs1on expressed as pounds .
of water per hour, K' {s e coefficient of mass transfer
{pounds of water/(hour) (square foot) (absolute .humidity
difference)], A is “the afealéf the evaporating surface in
Square feet, H3s {s the aSsolute humidity at the evaporating
surface (pounds of water per pound of éry aid), and Hg is
the absolute humidity 1n the pass1ng aiT stream (pounds of
water per pound of dry air) ' y;

After an initial perjod of adjustment, the rite of
evaporétfon is equa] to the rate of diffusion of vapar,
and the rate of heat transfer can be related to the rate

of mass transfer:
.dw/de.= qQ/A = K'A(Hs-~Hg)

If the overall rate of heat trqnsfep, Qe 'Is expressed as

the sum of thq rgtes of heat transfer by convection, radia—

- tion and condu;tion. the abdve equation may be expanded to‘

the forn - ‘ S
| ‘dwlde'-‘(qc%t\qr * qkjla' ’
o . K‘A(Hs»ﬂg) o Lo

nhnre qa, qr and qk are the rates of hect trnnafar[by

s

convuct\on. radinttqn qnd cgnduc;ina. respuctivalx. '

- They

:yﬁvﬂ qulﬁign holdg gs lnng as tharg fs . 111n Qf
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moisture on the surface of the materjal being dried. When
the surface becomes partially or completely dr;, the heat
"and mass transfer eguations become hofe Complex. In this
cage, the rate of drying is conﬁro]]ed py'the rate of . '
ldiffusion of moisture from th; interior of the matertal, ;s

well as the rate of heat conduction to the evaporation ne.
This diffusion is greatly 1nf1uenced by the mo]ecula;g]§2>
capilhary structure of the solid. The pmocess becomes
further complicated when the drying surface causes a shr1nk-
age of the solid This -phenomgnon can cause b]ocking and
distortipn of the capillary strpcture and thus interfere
with the transfer of internal ﬁ:ter to the s@rfacé‘of the
material. An example of this {s ‘the so~calléd "case
hardening" phenomenon in which'the surface of the solid
becomes harder than the interfor and less permeable to the

transmission of interior moisture (1),

2.. D;ying Rate

One of the éfrliest works on drying wus reported in
1921 by rewis (2) He postulated that the drying of a -
$011d involved a balancewbetween the evaporation of thq '
moisture from the solid surface and the rate of movemant
- of thg moisture ‘trom within the so]id to the drying surfgcg. :

Shgruood (3) developed a theory (with gxpcrimentnl |
conftrmntion) shqwing threa possible distinct stagns in tne
.dry1ng process. Thgse stggqs were dascrfbed hs. e | b 515

. T;)f g nqnstint rate pgriod. B

o o e et

T : vf’;: S . '. =  ',.\ RN T e i i

t
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" contént.with respect to time.

[

b) .a falling rate period during which there was a

o redqction in the size of the wgtted surface with '

-\

a proportional reduction in the dry1ng rate;

»

c) a second fa]]ing rate period dufing whfch the

e

11quid evaporated from the- surface as fast as it

could geb there by diffusion from the 1n¢erior

, (i” /of the solid. | »

‘ . e
It was not until some years later that consideration was

given to diffusion of vapor from the interior, of the solid

6. S

‘Fisher (4) showed that the drying of a surface dried
particulate material ekhibited a number of distinct drying
periods The material dried at a constant rate unti] K

»

critical Point" was reached (this point marked the instant

when the 11quid water on the'surféce was 1hsuff1c1ent to

maintain a gontinuous film covering the entire drying area),

The per1od‘sub;equent to the critical point was called the

falling rate period. In the f1kst part of this period the

.decrease in the drying rate wa; 11ng;r. whi)a in. the second

period thé drying rate was non- llnear and .was usually an.

.asymptotic, exponentiaﬁ ‘approach to equflfbrium mqisture

[ ]

xA, Gilli]nnﬁ (5) considered the drying of slabs of |

4,;diffargnt;mgtgrinls 1n nhicn tha in1ttgl concantration Qf
:wqtgr was. bnifgrm gnd suff1c1ently high so :hgt nha surfnqg
- a-ms com:lm}y cowred hy a wam fﬂm.‘ m found m: thg

Wl . s o .

- B . . * . 5 ’ & i - vt v) S A B o .
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drying rate during the constant rate period depended only
.on the external conditions ‘Hé also pointed oyt that dbring
the coostent rete period, the rate of evaporation sfrom |
various materials under comparable conditions ehOUld be the
same. ‘The constant rate period was terminated when the
surface dried to a point where jt could ;::\hnintaln a
saYurated air film above the bed. At this po1nt the first '
falfgng rate per1od began and continued until the surface,
of the bed was completely dry. During the second falling
‘"rate period. whlch followed immediately, it was claimed
that vaporization occurred within. the bed, With vapor in
turn dlffuslng to the surface - : .
Birtlett (6)) carried out very precise mﬁhsurementg
of drying rate, Hé/found that the copstaﬁt ratg_period
was not truly constant, and that the oreok between the
constant and falling rate perlod was not as sharp as was
often indicated in the literature. He showed that during
‘lthe aarly part of the drying process }he drying rate .
decrgnsed gradually. At the crltlcholsture content t’he‘
'drying rate Was GSually apout five pmrcent leSSnthan 1ts‘t
va]ue at saturatlon of surface.. In the falling rate period
i there mn g'me repld. but mopth. decrease 1n the, drylng |
“ mtp This behulor empncslzed that the dm?lng pracess m
' i unifled cont‘lnwnﬁ M‘chas uén tbough Qllore n:jght bhe n |
shnngc ;n :he impnrtmg of t;ho HMOIM maehanisms whlsh

.(,, P -
Wy S50 g '
3\ 1 e
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Adams (7) later gtudied the drying of Penton?, porous
carbon b]dcks and polystyrene spheres. He concluded from
his experiments'that the transition from the constant rate
period to the fdlling rate period was not a result of any
drastic change in the drying process mechanism, It résu]ted
instead from a continual decrease 1n wetted surface area
and a s]ight 1ncred&e in the tnickne;s of the surface layer
of vaporizat1on. accompanfed Ey an lncreaae in the surface
temperature in those cases that wer initially below the
'wet-bulb temperature. Adams was of the opinion that the
igportance of tﬁe critical moist&re content.was'exaggerateq
by investigators. He suggested that there was a gradual
change 1n the drying ttte from the constant rate period to
the falling rate perifod. Adams studied the temperatdre
distribution in beds of polystyrene spheres and’reported
that the psdedOawetabulb'temperature, as defined by Nissan
et al. (18), was established only when the Tower surface
rof the bed was nearly adiabatic. and then only after Jhe

‘sunface of the bed became dry.

rxing Mechanism _
Sherwood (8) in his study of the drythq ProceSS.':w

.A pmposeg‘n 11qu1d Q1ffus1on mechnnism for the transfer of .
'liquid fPQm within the so]id to its surface.} He. dé%cribed
7”this machgnism by a? gquatibn aqg1ngous to the Fourier hgqt

. O . . '*- } L, ué v : S
i S <z'~v(v »;77‘; o i e BRI i " ,"' P B P "

N SN o s s ¥ L R .‘ R . N

k¥ ATt o > «_. D O

gghlartnttgq pol gth%” Her *las Poudgr ﬁgmpgny f\5':555;§fﬂ
Wilmington,; DQIgnara,: Vi , Pl
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conduction equation.“ A fu?fher'contribut1on was made by
Newman (9, 10) who presented solutions to Sherwood's llquld
d1ffusion equ!tion for a number of geometrical shapes
\ Later it was p01nted out by Sherwood and Comings (11) that
the mechanism pf moisthre movement through the solid
apparently was not ;n{Pof liquid diffusion. Instead, t‘!’
1tquid was thought to move to the surface of the'teria] .
under the influence of qapi]iary'forces. They also fpund
that Ngwman's model did predict theydrying ;urve for, some
‘mater1als with:fair accuracy. Ceaglske andhﬂougen/éZZ)
qemonstrated thpt'the diﬂfusion equations developed by
Sherwood and Newman did preg et the drying rate of a large

-

number of matérfals sucf as §oap, clay, sand and wbod

Their moisture distributions were determined by smﬂﬁiQning
the sample afterﬁéef1xed drying «tige and then wg“ijngﬁh&ch
sect gﬁre aﬁh after remov1ng all of the waQQP 1;‘"‘1
oven. They were d]so able to eonf1rm that \h;hgny
materia]s l1qu1d moved to the su;race by caPi11°P¥‘:$if”n
+ NN & ..

. rather than by d1ffus1on.; e
Pearse, Oliver and New1tt (13) explainpd 1ﬁ$
mechanism of drying on the basis of the shape of the drying
rate curveu igure | represents typieal drying rate curves

Adapted fro£/:hernoqd (14) in ueds of grnnu]ir selids';'

compnsed of nonaporuus pnrtiqles : It hqs bqen SQan“mhat

”qrenular salids 1n nhich eapillary fdrces aré*rsxponsihle “.591?
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lﬁ/such a q‘ywe there'are three fair]y well defined segments:
DE, j These segments are usua]ly dist1nguished as
the constﬁ',frate period the first falling rate periqd énd
the seconaxfa]11ng rate period, respect1vely The transi-
 tion poiyés ‘become ]ess clear]y'marked as Qhe part1c1e size

,decreasgﬁ
l'
As stated by Pearse et al., solids in which moisture

movemeqt was malnly by - vapo#’diffu31on shou1d exhibit '

dry?ng rates corresponding with curves B or C. Solids in-
‘ which qhe moisture movement was apcomp]ished either by |
y capilﬁ%ry action on]y or modified by vapor1zation, sﬁzuld
 / have d5&1ng/rate curves similar to curve A or B, according
! to the §§nditions under which drying took place.
1 vPﬁﬁFSe eg‘a] studied the forces affect{ng the move-
g | ment of liquqd 1n a porous bed, These forces were reported
{  to be grqw\tx, fmiction, convect1on and capi]lar1ty._ ‘The -
5\_ author§ useh]beds of spherical partic]es 1n rgndom packing.,\
takingk1mtougonsideration resistance to flpw and suctibn -
@otentia]s , 1n qugp to detgrﬁﬁne the 1mportance of these"
Fgroes with | o
“The-pesis ‘oined thas. f'or ;ystams comPQs%d 91' particms ‘;'
'p 1073 gravitqtional anq cap111¢ry

cq‘rangg




was responsib]e, while for beds@composed of 107 -3

<Particles, caplllary and frictional forces dbﬁ%“n]]ed t%.‘

to 1075 cm

water movement. .
011verﬁand Newigt,(]G) continued themwomk mith the
measurement of suction potentials. \ They me?e interested
in the drying of grandlar soifdéimithvarticle sizes =
2.5 X 107% cn to 6.0 X 10™* cm radius. ; Their data indigated
that in the case of granular so11ds composed of non-porous
.part1c1es, mo1sture movement was governed by the structure
of the bed. Two categor1es could be distinguished ~-beds .
where cap11]ary forces conqrolleﬂ“the movement of mo1sture,
and beds where the capillary forces .were 11m1ted by, vapori- ;
zation w1th1n the pores. The‘thors clalmed that there
was no sharp distinction‘betmeen these tyo categories.
- Subsequently a third category was defined>«in“mhich.the
* structure of the bed was such that,,undd% one set. of
= cond1tions, capi]lary forqe was the controll ng factor, e ’ﬁﬁ
_ ‘while under anothen set of cond1tion5& the A porizatipn

exerted the ma or inf1uence in. the mgyement qf moisture.j~l,ijj




.moisture loss, the entry suction potenfd;] of tpe 1arge§f
surface voids  would be reachéd, Air wil] enter, and'tﬁe |
displaced water will be trdnsferred to the smaller surface
vofds and pores ' Successively finer v01ds will open as the

ﬁsuction potentia] progressive]y increases with further
dry1ng@7 The size Qf;vo1d5uopening at any depth w111 be :

iﬁ% dependent'updn‘the;effectivehsuctfon potential at that level
'J.‘es»determined by the surface suction potential modified by
gravjtatioﬁa] anddfric;iqna1.forces,ﬁ ° ' ;
| . The difference Between drying rate curves of p6rous
"granular material and the correspbnding beds of non\porous
granular waterial was con51dered to be the cap1l1ary actq ¥§3
of the 1nterne1 pores‘of the porous granules in cqnveying -

L} n -
water to the surface. R .

n

| ~00rben and“Newitt felt that this factor was %uff1~ .
ciene‘tq account for. the higher rate of . dry1ng observed for 3g

the porous materials during the constant’ rate period They

showed: fhat aﬂter the first fal]ing rate period there w S
frw‘h very vapid reduction in. the quing rate, followed by as "

‘prQIonged second perfod iglnhich; Qﬁ‘drying rate fEI]~very i;e
: Througu¢ut the different stage; of dry1n9 there

i\",

L 3
» j-WQQS Observeﬂ tn the moisture distri»kM i

0 ‘!H :;'\ .
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designed with cont{hﬂous air reciqculation; studied\ the
mechanism of drying during the falling rate period in three
different systems. These systemﬁ‘weré wool, polyester fiber

. \I‘;

-and sand. respectlvely‘ They madeﬂmé&surements'of tempera-
ture distribut1on in these materia]s ;nd found that after
the first fa]lbng rate period had bekn reached, almdst the
whole bed wg; at the same temperature When such structures
were dryin%. the rate g&\eyapprqtiop fell off because heat
and water VApor were.requ1réd to ﬁqﬁs through an 1ncreasing
liyer of dry materia) left by : rgéeding water surface. |
Nhile this was occurring, a new tempetature equ1litr1um was
establ1sh;d.w1thin the wet portion.. This temperature:was
called the "pseudo-wet-bulb” temperature. ) |

Nissan, Kaye and ﬁell'(zp) developed equations to
predict this temperatufé and the rate of approacheto (the
pseudo-~-wet-bulb temperature. These eqw" ons -were based on
the assumption that after the dryinqd*"’ﬂroceeded fnto the
falling rate per1od the vnporizetion oétunred at a liquid
surface well w1th1n the mnt l.ﬂ

Ridgway and Callow® ( 4dﬂﬂd1ed the drying mechanism
of an inert, 1nsoluble powdnﬁw(hanvy magnesium carbonate)
wetted with different.granulating. l1qq1d o They ahoued

;%ytnngﬂ the Togarithn.

that thara was a linear relationshi;?
of tﬁ& drying rnta and thq 11‘<J$x €
the uhole of the fqlling rrt&?fw

nha epnrativn nnchaniaa in the sys“ f'thqt thcr eaninad
| ) PR £ehd 4 ‘
k'ﬂ” L L) . . , .'M

e E o R s
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"was the one originally put forward by Filliland (5) and

developed later by Nissan, George and Bolles (19).

k‘“,\ |\I'.
AR Y

4. Drying of Pharmaceutical Materials

Cooper et al. (22) discussed the application of the
drying theories to the drying of tablet granulations. The
granu]at{ons are complex systems con§1st1ng of many fngre-
dient; bonded together bj the granulation process. They
concluded that the nature of fhe internal mechanism
controlling drying of these materials was sfimilar to that

of sfngle-~-component systems. - )

Ll

5. Solute Migration

Van Krevelen and Hoftijzer (23) dried a single

- granule of "Nitrochalk"aland found that, during the constant
rate period, an almosy water-ddpermeable grystalline film
was formed around the granule from the dissolved. ammonfium

nitrate. As a result of this film formation, the rate of

drying xgslreduced. S -
. it s . ' ,

Newitt and Papadopoulos (24) later dried granules of
mized ferti]ikers and concluded that the mechanicam strength
of thefinal prhduct depended to.a large extent upongthe
location of the material deposited during drying.

Newitt, NaNagara and Papadopoulos (25) subsequently

L) - M ' ' / ‘e ..

A mixed fertilizer produced byllnﬁerial Chemical
Industries, Cheshire, England. The composition is
given as 48% of calcium carbonate mixed with amponium
nitrate . to give 15 1/2% avatlable nitrogen on anaTysis.

L] .
[} . ’
J
P . » e
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studied the}
containing aqueRde
that\imf solute

and formed a crust, but they made no quantitative analysis

oved toward the oqutside of the particles

of the resultant distnibutfon. This phenomenon was attri-

buted to the 1{iquid movement in the initifal stages of drying.

Higuch1 and Kuramotz (26) showed that polyvinyl-
pyrrolidoné (eve), which Is used as a bfinder in the prepa-
ration bf tablet granulations, was able to ﬁorm complexes
with many of the pharmacedtical substances ‘involved. The
authors reported that 1t might be possible that the non-
unifermity of distribution of at leas$ some drugs' in
granules may parallel the non-uniform distribution of PVP,

Ridgway and Rubinstein (27) studied the radial
migration of PVP in spherical granules of magnesium carbo-

nate produced with PVP as the granulating agent. The

'sranules were'dn%cd in a drying tunnel and the rate of

moisture lass was recorded continuously. They showed that
after drying the granules for half an hour, the concentra- s
tion of PYP in the surface layer'rose well above the 1nitial
uniform, concentration. Onighe other hand, the concentration
2n the core declined to belé; the fnitial concentration, as

shown 1in F1gure 2, By the end of the second falling rate

] ' .
' perjod. the cpra»concentrat1on of PVP was found to 1ncreasa

-slightlx, with a concqnittnnﬁ%decrqasc in the concentrntion

of PYP nt the surface in the aane pcried.~
a? o ¢
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i . 1 1 |
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MOISTURE CONTENT g/g DRY GRANULES

E . Figure 2

The Variation of PYP Content with Granule Moisture Content
[Adapted from Ridgway -and Rubinste1n‘(27)]

- ®at the surface of the granyles
®min the core of‘the granules
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\

In order to explain these results they postulated
7

that this change in core concefitration occurred due to the
"back di{ffusion" of PVP from the point;oflthe high. concen-
tration in the outer surface of the granule to a point of
lower PVP concentration {n the core. At the final falling
rate period of drying the sudden rise in the concentration
of PYP in the core waé attributed to the receding evapbra~
tive interface. With this loss of moisture, the concen-
‘tration of PVP at the surface remained constant.

More recently Chaudry and King (28) studied the
migrati{on of~yarfar1nfsod1um during the hrying of a wet
granulation. While the water soluble drug was inftially
uqiformly distributed, the migration of the drug with the’
solvent during the drying process r%su]ted {n an unevén’
/distyibution of the medicament fn the granulation.

' Using thin-layer chrqomatography, the authors

A

" examined the effects of certain tablet add1t1v?( with a

view to inhibiting the migration of -sodium ‘warfarin.
They found that migration of the drug was reduced to a
1ar9e extent w1th1n the granulat1on by the nddition of
calcium phosphate, and the content uniformity of the
‘comprassed'igbletp,'when aisaygd individually, was found
‘to be much improyad. | - |

o In his wo'rk on the migrqtion of dissolvgd and

d1spersed subsmm. Junmger (29,30) 1.¢ated that the

main élnantars Affscting thg migration. of dissolvad or

‘

. ot

-

“

L4

N
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v
dispersed substances 1n drying porous materials were the
drying rate, surface tension and viscosity of the impreg-

" nant. Migration was at a maximum at a drying ratenof about
ten kilograms ber Square meter per hour in the system
studied. This was a seven layer cloth impregnated with
sodium chloride 1n”a methyl alcohol-water system. The
movement of moisture followed laws simijlar to those for

., diffusion and a method was developed for calculat1ng the
final distribution of the 1mpregnant from the moisture
distribution during dry1ng | .

From this summapy of the l{terature 1t was clear
thaf the drying process continues to be a subject of
Interest. This fact alone indicated that the mechanism of
mofisture movement\in powder beds was still not fully under-
stood, Accord1n9]y, it was felt that there was a need for
more experimenta] work on selected pharmaceut1ca] powder
systems, | . |

Further study could also be given to the problem of'h

migration of pptent drugs during the. dry1n9 of moist

. granules. An improved. understanding of this phenomenon

would aid in ensuring gTeater uniformity of drug content.

in certuin pharmaceut1cal prgparat1ons. In pynticular, such .
1nformqt19n would bhe of vnlun~to thg phnrmacc 1caq 1ndustry
'1n the formulat1on of 1mproved compressed tahlets. \‘ *“f J?}

it

T
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Objectives of the Present ‘Investigation

The first objective of this investigation was to
set up controlled conditions of temperatu?e and air
velocity for the drying ofloamp powder be&s, and to s

measure the physical properties of these beds during'
drying.

The second objective was to examine quantitatively
the migration of a water-soluble so]ute {n these beds,
Amaranth was selected as a suitable solute for this purpose.

- A comparison of the migration pattern of amaranth in beds
of lactose (water -soluble) with that occurring in*beds of

e calcium sulfate (water- 1n:\}qple) was 1nc1uded in ‘the study /
N ..]‘l
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v

1. Descript1;n of Apparatus and List df‘Mater1a1s Used
In or&er to obtain the necessary data, the study
reqqiréd a tunnel designed tb prov1de air at a constant
temperature and velocity, flowing parallel to the exposed
upper surface of the bed "to be dried. It also réquired
equipment to measure the dry1ng rate, temperature distri-
’bution, relative hum1d1ty and solute migration. As shown
in Figure 3, the ma1n structure of the tunnel was made of
asbestos board fastened to a welded steel frame. Satis~-
factory air@fiow was achieved fhrough use_of a suitable
"motor driven fan®.
| ~ The air velocity wa§ controlled by using a var1a5]e .

b

transformer”, which was connected in series to the fan,

~ Baffle plates weresplaced at the entrance to.the tunnel,

P

Other plates within the calming section and the inclined ‘
base 1mmedfately up-stream of the powder bed were~1nc]udéd
in order to reduce fluctuations in the air velocity and
to give a uniform air flow free of turbulence in the test
'section. | - | ' Lo e

The air was heated.by nichrome heating coils mounted
in the tunnel immediately efter ;he.strqighteningksection._
Afr gemperdiure was éontrolleq‘by 9q4usgiﬁ9 the vDltage

L
. ' E Yo P . o .
G ) . . . . ; ' . . e o
i v e . i .- ) [ ) i s
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appliedlto‘the nichrome %oi]s with a suitable powerstata
For convenience a window was installed in theltest\
'section to allow the powder bed to be observed during
drying. An analytical balanceb was placed above the test
section and modified to alfow attachment of the sample
cqpta1ner. This arrangement a]lowed‘mojsture loss to be
Qeter.in d directly at selected intéervals wifhout removal

of the samgle from the chamber. .

The s¥wale was placed in a polystyrene cup® of low
thermal conductiyity. Dimensdons of the cup were 5.5 cm
for the diameter with the height adjusted to 2.5 cm.
~Th 'bdlystyrene cups used as sample containers were
placed‘in‘the sample bay of the tunnel with care being |
taken to place-the top of the cup: flush with the tunne]
‘floor in order to reduce air flow dlsturbancgs from the air
passing from the tupnel floor. oveir the bed surface.
The air temperature in the tunnel wis:me&Sured using
calibrated 1ron constantan 36 gauge thgrmocoup]esd
T One thermocouple was placed in ‘the ca]ming section
éﬁdvanother‘ﬂn the test section just before the powder bed,

. ' o T e ' |
’

- '
o : ¢
]

a
' .

The Superior Electric Co. Bristo], Can.. U,S,A."*

\J

p ﬂett1qr H~20 qnglyttcal balanga, Model No. 24@

\ ij¥;u$qtymg1d cups 67 243 p c I" CQnada. ‘f_;v“f,; ’ﬁ‘¢'ﬁn
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Lact?se, B.P.", calcium phosphate manobasic?, -
a .

~ \

calcium sulfate dihydrateb and kaolin® were the materipls

used in this investigation. However, on the basis of
pre11m1nary‘exam1nat1on of each material, lactose and
ca]cium su]fate d1hydrate were considered to be most’

suitab]e for the purpose of this study.

. |
2. Procedune Ty

Al

A. Ca]ibration of Thermoc0ug1es ’ SR

A calibration curve of the thermocoup]es was prepared
by using an integrating digital voltmeter ~ The precise
eva]uation of electromotive ‘force (emf)- temperature relation-‘

ship of. a thermocoup1e was accomp]ished by determlning its

emf output at each of a ser1es of measured tempeﬁ%#ures

using a standard thermometerq. A water bath was used 1n the

v

cal1bration pnocedure, Temperature read1ngs were obtaingd
to a maximum of 70°C. with the reference jungtion heing

placed in a vacuum f1ask containing a weﬁ} st1rred ice-m
) wgter mixture.
v 3 l '

i l . f KE : o . “ ’ B L .
T RS S L e S R C V-
P : — N AL

q Thg'British Drag Hnuse@.*Torontoi cAnada
hiu- a

her S¢1ent1f1c, New dersey, u s A,«
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'B. Effect of Conductlon of Heat along" the N1re
to the Junction

¢

A lactose bed containing 35% motsture was prepared
by mixing the appropriate amount of lactose ;nd dieti]led
~water. The s]&rry was then.poured intdfa sample cpntainernm
modjﬁied'by'the application:of an'epoxya,coating“tdlthe |
externa1 wall. This coating was emp]oyed-as'an effective
vapor barrier The contatiner wae“then COVered with aluminum
foil to prevent evaporat1on from the surface |

The bed was surrounded by a thick layer of g}ase

Al

woo]b for‘further insulation. ' The bed was left at room

temperature and its temperature was measured using two

thermdcoup]es
The experiment was designed s0 that the lead from the
first thermocoup]e was left at room temperature uhnﬁe the. .
]ead from the second thermocoup]e was placed 1n ‘the dryjng 4
tunnel maintained at 58. 2 C.- As before, the reference |
Junﬂ@ion was placeq in a well- stirred 1ce water mixture. o
It was considered Uhat any. cnnducttpn of heat through the e
lthermocoup]e,]ead kept in the heated tunnel would ‘give '353 |
.higher b&d temperature ‘:ad1ngs campared to readings given iﬁ]f}
by tnat left at amhieng temperature.‘ Readtngs of‘the bed ”
temperatures were*taken‘everx 30 ﬁ\nntas fer o hours,“np}




] ' ’ w

"

- The procedure was ‘then repeated using an unmoistened

bed of [iifbae &\

A

C.' Determination of ggé Humidity of the Air

,

Air humidity was determinéd for the mos# part with
the qid of a‘sljng psychrometera. Howevér, a tempefaturé-
hdmidjty}rec;rderb Qas fater obtéined. By using fhis.
1nstrum§ht_it_was possibfe to monitor both raom témperature
and.hum?dityiover a period of 24 hours.

D. Determination of the Mean Air Ve]ocity Through-
. the Tunnel at Room Temperature

As outl1ned by Perry (3]) the mean velocity through a

}ectangular duct could be determ1ned by d1viding the cross-
e N . - o, 9 .

section, into uniform sQuéres,, The velocity at the center'

of each square wés recorded and an average value obtained
S a

 for the whole duct. For accurate measurements, use was

made of a pjtot tube® connected to a m1cromanometerd, 'To

9

.calculate the ain velocity the micromanometer readings

» Were. cqnverted to mm. of water by referring to a graph R .

”_supplied with tne instrument taking fnto consfderat1on

tha ,1 25 mope of the manometer

Ly |‘ ! “"‘, ,

. — "(’ iy TE——" — : ' R . .-
. "

A-.m

Tagy-lnor Ins‘trumant Companigm_kinowester, N Y“ U S5 A» L
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¢ | e
The atr velocity at each point was then calculated

using the following formula. which was derived from the

Bernoulli equatton (32):

A\
4 g W \ )
‘ vf‘”'*
where vy = a1r ve]oc1ty in m/sec
' ' kg-m
9. = gravitational constant = 9, 8] ———ﬂ;r-7
kgwt sec

h = dynamic pressure {n 53~I§££3 = mm of water

m

o '~ density of the air in 5%
m

The density of the aip usedﬁras the density of the mois;
air at room tempernture and local barometric pressure of \
700 mm Hg (33). .

.‘Thé arithmetic mean'and the standard deviation of
the air velocity through thn tunnel were deterqﬁnlﬂ from
the 24 recd1ngs The velocity was ca]1brated aguinst the
dial: setting on the variable transformer. .The air velocity
was measyred in each drying Tun at the same selected point,
and tts value was kept constant. This was done so that the
"r vqlocitit&ﬁgt thg otﬁ;: 23 points would be as close as
pdsstbln to the1r ariginql vnlues. $k

i [yo‘éalyptyrene iqps werq cut to 3.4 cm 1in height
A plcnd-‘t!t}o,vi lactose slurry containing 33% moistgre.

: ‘ , s 7 : , ‘
. ” ¥ ‘ i ®



To prevent surface evaporation during heating the cups were
covered with aluminum foil and sealed with epoxy resin.

The beqs were then heated in an oven at 55°C, and loss 1in
weight after 24 hours was determined. : »

The experiment was repeated using béd Eontainers
completely coated with €poxy resin. The loss in weight
again was,determined after 24 hours’ exposure to this
temperature. A control was ‘used éonsistfng of an empty

e
coated and sealed conta1ner heated in the same manner,

F. Selection of Pdeers for Study

In se]ect1ng powder materia]s for this study emphasis
was p]aced on ease of handlfing and su1table physical charac-
~tegistics. “on this basfs, lactose was found to be satis-
factony as an example of Y}’ water-~soluble ponder

Selection of a J;tqr ~fnsoluble powder proved to be
‘ more d1ff1cult and jnvolved’the examination of kaolin,
"calcium Phosphate and calcium. sulfate dihydrate. Kaolin
wﬁs considered to he unsatisfactory because the powder was _
very light As a result, pxcessive loss 1: handling was
encoumtered, mak1ng it very difficult to withdraw samples
accurataly. The c*lciun phosphate powder used 1n thé study
proved to have a vekx slow loss of moiagure onp drying. For
this reason the gys&cn nas considerqd to be unsuitabla.

n the othar hqnd. cnlciun sulfnte dihydrqte proved Lo be
. l |

e , . B .
i . te
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relatively free of such disadvantages and was accordingly

chosen for further study.

¢

\

G. Determination of the Equilibrium Moisture Content (EMC)
of the two Systems, Lactose and Calcium Sulfate

The procedure’ for the determ1nat10n of loss on drying
(LOD) was used to calculate the EMC of lactose and calcium
sulfate. U.S.P, specifications for LOD (34,35) were used to
dry the samples. |
' Approximately 2 g of lactose and of calcium sulfate,
accurately weighed, were dried to a constant wefght at 120°C
and 105°C, respectively, The EMC was then calculated by
determining the amount of moisture in the sample on a dry
basis (36),

4. ‘(‘—
H. Preparation of Bed Materials

For the determinatioﬁ of drying rate and temperature
distributfon; poné;r beds of lactose and calctum sulfate -
were prepared by'thoroughly mixing 45 gm of the powder with
8 m]fof@d1stilled_wntob ‘in 8. wedgwood mortar. fhe'daqp
mass was then transferred to the pdlystyhene cups with the ‘
help of a *gtql spgﬁu]; to produce a uniform packed bed,
Distilled water was used ;s the wetting agent 1n this
axpnn}aent since it 1s frequently cﬁp]oyed in ugt‘granuln-

tion proégdura;.. .

+ ! . ‘ .
T Ny - - a‘ — L S T
« \ \
.
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The percentage of water in the damp mass® was chosen
" to correspond to that Héquired to prepare granu]esnof the
material. The time interval between preparation qf the
powder bed and subsequent installation in the tunnel was

less than four minutes in each case.

I. Measurement of Temperatuﬁe Distribution

The temperature distributions in damp® powder beds
of b%th lactose and calcium sulfate were determined. For
this ﬁurpose fron-constantan thermocouples of 36 gauge wire
were ehployed. One thermocouple was placed at the sdrface
of the powde®# bed while others were located at depths of
1 cm, 2 cm, and finally at the bottom of the bed. At each
of these Kevels three thermocouples were placed in the' bed,
one at the center and one glyed to the interfor of each
wall. F1§;re 4 11lustrates the location of fﬁe thermocouples
in the bed égntniner. | |

o e a
The thermocouples glued to the interior of the wall

were placed 1A their locatfons in half of the runs from the

top of the bed,.and in the other half from the bottom of the
bed to ensure that heat was not carried through them to the

sidga of thq_bed

J. Measurements of Drying Rate o
For tha'det,rn¥ﬁﬁi1on of dry1ngxbgt¢s the prepared
‘ N TR , |

'F i i ‘ v‘ “ T m ‘, S - ..,,..,., ) ) " . . ). .
A Final pergent moisture initactose (dry basis), 23.79%.
| SAnal‘pergqnt motsure An calcium sylfate (dry basis),
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beds were placed in the sample container. The assembly was

hung by thin wires from the pan of a Mettler H-20 analytical

balanée. Wefght measurements were taken every 15 minutes

for efght hours, after which the beds were heated in an oven

at 105°C to a constant weight.

The data obtaihed were plotted as a pércent of

moisture content (dry basis) versus time. The drying rate
" was determined' by taking the difference in moisture céntent
between any two measurem&nts divided by the time periQd
between measurements r;:iesénting the rate of drying for
that time period. These values were plotted against the
midpoint of the time perfods concerned in order to obtain
a drying rate-~time curve. Stmilarly, the same values were

\ plgtted against the midpoint of the moisture contént';h]ues

for a drying rate-moisture content curye (37).

K. Sdluté Migration Determination

i. Apparatus

The apparafu(ﬂggr determ1n1ng the ‘concentration of

_ the migrated dye through the powder bed cons?%ted of three

units. * 4 , S

Q, ,An SP 600 (sgries IT) spaqtrophptometer which was.
"de81gned to carry out s1ng]e beqm ghﬁorptioMetric
measurements w1th1n the wavelength rqngc 340 1000 nm,

h ll
it
P
a” LI b‘ ok
4 , : . o
. " - .. : )
N L ‘e
‘ B

g 1 3

A Pig’ﬂhlcqiLLtdL;;Ybrk $tbggt;«chhridggkdE#QJQnd-

LN

- "»a., . ' N R . 'r 1, .
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b. An automatic sample changer which maswfesigned as an
accessory for the SP 600. The changer held up to 50
samples and transferred them one at a time into the
sample cell of the spectrophotometerd ’

After a sample was read it was drained from tne'
holder by suction and replaced automatically by the
next sample. This operation was repeated.untdl the
last sample had been measured; |

b

c. A recorder. A suitable strip chart recorder’, was

employed for readout purposes.

{1. Procedure

: prepared by mdiscenin. 45 g of the powder 1n qu

: F P;e Uniclm Ltd.. York Street, Cambridge, England ‘¢} ;’

The method employed in th1; 1njes§19ation was to
prepare beds of lactose and ca]c1um sulfaﬁe dampened with
known amounts of ‘an aqu&ous amarantn éolution, and to %f
subJect the beds to drying under a current of alr at
constand tempénatura and velocity ‘The drying‘could'be
stopped at any point and the solyte m1%rat10n and mo1sture
distribution could be detprmindd by amdlysis of samp]es
takan f-qﬂ vandous levels in "the bed. ° ". %

| DaMp beds of ]actose and ofAcaleiun sulfate were
jgtion with

.
.' \,;1
' T . .
— . : o .
. ' .

Y

", £8

‘j?“Var1corﬂ Model 43. Photdvo]t Corp. New ank city, q 5. A. s

)

e The Bf*tfih Drusaﬂquscs, Toronto, c;nada 3-§ ‘y;ﬂ,

Y I s Y . ) Lo Co : e . o ,,‘“ ‘.*! ’f"



eight m1 of 0.088% aqueous amaranth solutjon. Each System
was triturated quickly in a mortar to produce a uniformly

wpéted mass. The mixture was then;;ransferred to the bed
container and exposed to standar&?Zéd drying conditions.

. The drying process was stopped at different times,
and six samples from the bed were taken each time by using
a lathe-mi111ng machine®. Milling was done by using a two

fluted, 0.5 1n¢h diameter milling head.

a. Method of Samgjing

A suitable jig was prepared to allow accurate
centering - of the conta1ner on the milling machine tab]e
1n each determination ‘

This arrangement made it possibTe to ohtain subse-
quent samples from the same area of the bed fnvolved. In
sampling a bed, six fractidns were remavedvfrom the same

: ‘ hole),’ each succeéding fraction represent1ng a deeper
penetration into the ho]e

~ Agcyrate control of fraction depths was ‘made possiblé

| through the use of a micrometer attachment By adjusting ..
" this device it.was possible to manually guide the milling

head tQ a predetermined’ dgptn. Table I shows the esta—'

o blished ]qyg]s in the pqwder beds trom which aach sample )
’ffraction as taken.-"' o >t o -
Tﬂffffif'ngximat {

* 4
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Table 1

\
Established Levels in the Powder Bed for Sampling

A
Distance from the Distance from the -
surface in cm surface in percent
0.1587 7.14
0.3175 14.28
0.6350” 28.57
1.2700 - 57.14 \
1.9050 85.71
2.2220 100.00 |

»

The moisture content of each sample was determined
gfavimetr1ce11y. A 150 mg portion was then weighed out
froh each sample and dissolvdd in 10 ml of distilled water.
,In dealing with the {insoluble c$1c1um sulfate, the colored
so]utions were centr1fuged to obta1n a clear supernatant.

The concentration of amaranth in these samples was then

. determined by measuring the percent transm1ttance at

522 5 nm.

4

5, Determination of . Ca]ihration Curve for Amaranth So Y 193
A so}ution of 0 009 g of amaranth in 100 m1 distillgﬂ

‘water was. prepared from a stock so1ution conta1n1ng 0 9 g

of amnr;nth,i Of this 20 nl was diluted ta 100 m1 with more
dist111¢4~water to form a gtggk so]uthn.l

) v

| Tensgilu;ipns gf 10 ml eagh ugrg thgn pnepargd 4s
’sﬁpvn 1u Tahla II, fl~"“', '

\*y'-l‘

B
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" Table II

Preparation of Amaranth Solutions for Calibration Curve

—— e

Stock Solution Used

Concentration of Amaranth
In the Final Solution

in ml . in Percent
1 0.18 X 107°
2 - 0.36 x 1073
3 : 0.54 x 1073
4 - 0.72 X 1077
5 0.90 x 1073
, - LR -3

¢ . "7 1.08x10
7 e x e
8 L a0
g ) 1.62 x 1072
10 | ©1.80 x 1077
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-Ba

The percent transmittance was measured using the
SP 600 spectrophotometer and the recorder readout., From
these readings the absorbance for each solution was then

d

calculated. A curve was prepared of the concentration of

\

the dye versus the absorbance. This curve was used to ;

determine the concentratian of the4!ye samples.

ot

t. Stability of Amaranth Solution

Two grams of lactose and of cé]cium sulfate were
‘mixed with amaragth 0.088% so]ut1on as described prevlously
These powders,’gg well as a sample of 0.088% amaranth
. solution, were heated for 60 hours in an oven set at 55 C.
An unheated sample of this amaranth solution was emplayed
aS‘a control.

: ‘ S . .
After the heating period, the powders were dispersed

“in 10b ml of distil]ed water In dealing with the insoluble

ca]cium su]fate, the colgred solutions were centrifuged to
obta1n a clear supernatant, One ml of each solution was
..then diluted to 10 m] with dist1lled water. and the concen-
‘ tnation “of each solut n was then determined,

d.. Detgrmination of the Effect of Lactqse
o.on Ahsorbance OffAmaranth““$'

The effect of lactose on the absorbance of amaranth :

fiwas tested by the additton pf ]dCtDSQﬁtO a known concentra~3

N

S te eorrqs?nnd gpproximat 1y to that uhich Nﬂulq_w :
;,m the fmu solution used for m@mi"‘ﬂﬂ amarqnth

] g
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.

concentration in the bed samples. Accordingly two solutions
of 0.0013% amaranth were prepared in distilled water and in

1% lacto§e solution, respectively. The absorbance of these

.solutions was then measured at a wavelength of 522.5 nm.

Data 'pbtqined were treated statistically to determine the

.
Iy

significance. |
'Preliminary determinations were done to establish

the wavelength ét which maximuﬁ absofpt1on occurred.) This

was achieved by using a kqown cdncentration'so]ution‘of

" amaranth and recbrding the absorbance at various wawve .

Ay )

- lengths.

Ll
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1. Calibratioh Curve of Ihermocouples

T R | : 43
o ‘ ‘ ')

Each thermocoup]e was calibrated individually. The
emf-temperature re]ation of the 1iron- constantan thermo-'
couple used in this work is shown in Table III. The plot

~of the mean emf- against temperature gave a lTinear curve in
the 0 ¢ -~ 70° C range as shown in Figure 5

o
4

w, 2 Effect of Conduét1on of Heat a]ong the Nire
: .to the Junctfbn ‘ : o

The temperature read1ngs of an 1n§u1ated beﬁ/nf

“=moistened lactose ﬁre shown in-Table IV, Ana]ysis pf

variance of the data'showed no sign1f1cant diffenence o

N

T (at the 5% level) in the thermocouple readings due to i
R : ’
‘ the‘difference 1n procedures used ' '

~To 1nvest1gate the'possible effect of. water act}ng
" .

as. a heat conductqr, the ‘test was repeated using .an
‘unm01$tened bed of lactose. Th; feeults areg;hown in

Table V, Amn,vsis oi‘varianeﬁ éf ‘the data showﬁ; ‘ ;o

m_’, q “
|
. : Coa e E I A f
. Lo ot o v : B Lo (AN Lo
W Cor T AP -4 oyl
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Ny v \ f . '
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' lable LI

EMF-Temperature Relation of Iron-Constantan Thermocouples

__Emf in Millivolt

Temperature

, (°C) Run 1% Run Iib Run II{E Mean
0 0.002 0.002 0.002 0.002
5 0.253 - 0.255 0.263 0.253
10 0.501  0.502  0.500  0.50]
15 - 0.752 0.753 - 0.781  0.752
20 1.029 . 1.028  1.030  1.029
25 1.274  1.275  1.273 - 1.274
.30 '\‘ 1.542 1,543 1.541 1.542
35 “.796  1.794_ 1.795. 1.79%
. 40  2.065  2.067  2.066  2.066
a5 2.319 2,320  2.321  "2.320
50 2.580  2.582% 2.581 2.581
.55 2.849  2.838 *2.839 2)8;;
60 3N, N3 3z 3.2
66 ©3.363 3,36 3.862 3,362
d T 3.622  3.624 3423 3.623
- — N~
Mabic "Represent the mean valué. of eleven

" tharmocouples calibrated in each run
X " -

'
. N v . Fa .

. > 3 -

-, . \ -

RS | ‘ . . .
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cglibrntion‘Curve for Iron-Constantan Thermocoyples
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Table IV

} '\‘&‘ '
Lgmge};ture Readings as a Function of Time

" Obtajned with Meistened® Lactose Bed

n

A * \

Thermocouple No. lb Tgt{;;couple No. 2°€
Time -lemperature (°C) emperature (°C)
(M1n) Run I Run®*Ill Mean -fR}n\L/rRun II Mean

0  26.80 27.00 26.90 26.80 27.00 26.90
30 27.00 27.60 27.30 27.00 27.60 27.30
60  27.10 27.60 27.35 27.10 27.65 27.38.
90 27.00 27.65 27.33 27.10 27.65 27.38

115 27.00 28.20 27.60 27.10 28.20 27.65
145 27.00 28.25 27.63 27.00 28.40.27.70
165.  27.00  28.50 27,75 27.10 28.50 27.€0.
190 27.05 29.00 28.03 27.10 29.00 28.08

.

Moisture content 35.1% (dry basis)

The lead of thermocouple No. 1 was left at

ambient temperature 28°C ‘

The lead of thermocouele No. 2(was placed
in the tunnel at 58.2%C

L]
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Table V
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Temperature Readings as a Function of Time

Obtained with Unmoistened Lactose éed

Thermocouple No,

Temperature (°C)

]d

Thermocouple No. 2

b

Tempgrature (°C)

in the tunnel at 58,2°C

Time
(Min) Run I~ Run II Mean - Run I Run II Mean
0 27.60 27.40 27.50 27.50 27.50 27.50
30 27.80 27.60 27.70 27.60 27.80 27.70
60 28.30 28.40 28.20 28.25 '28.15 28.20
90  28.60 28.40 28.50. 28.45 28.55 28.50
115 28.65 28.45 28.55 28.50 28.60 28.55
146  28.65 28.75 28.70 28.55 28.75 28.70
165  29.20 29.00 29.20 29.30 29.10 29.20
190 29.25 29.35 29.30 29.30 29.30 29.30
° )
% The leqd'of‘thermbcoupie No. 1 was left at
ambient temperature 28°C
®  The 1ead of thermocouple No. 2 was

placed
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readings. The method of calculation used has been described
by Perry (31). The absofule humidity V@]ues were dcorrected
to the required barometric pressure. Ts do so the fol]ow1ng
expressions were defined.

t = dry-bulb temperature (°F);

‘t, = wet-bulb temperature (°F);

P = baromefric pressure in inches of mercury;

AP .= pressure d}fference from standard barometric

pressure 1nt1nghes of mercury;

H = moisture cohtent of air in grains/1b dry aigi

H = moisture content of air.satﬁ(ated at the
we~bulb temperature t, in grains/1b dry air;

AH = moisture content corrgction of ajr when
‘barometric pressure differs from stapdard
barometer, in gra1ns/lb dry air; iQ}

AH ﬂ‘go1sture content correction of ajr saturated

: at the wet-bulb temperature when barometric

pressure differs from standard barometer, 8

in grains/tb &ry air.

The AH values were obtained by reduc1ng§AHsa value by one .~
percent when t - t, " 2A°F. When the difference between
the dry-bulb and the wet-bulb température was other than

24’F. the AHS value was corrected proport1ohn]1y. and AH
4 h * .

L]

w

.‘» Ahs vglue'tqkén-from-Téple 15-2 at t,», and AR,

) page 15-8, Reference 31 - , e

-
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)
values were calculated as follows:

. t-tw
AH = AHS ].~ ~—2—K~~x 0.01

To obtain the absolute humidity value at corrected pressure

(Hc)’ the following expression was used: -

H = H + AH

C Q

The value of H was obtained from a standard chart?

Similarly, relative humidity values were determined
from the partial pressure of water in the mixture and from
the vapor pressure of water vapor. The partial pressure
of water was calculated assuming ideal gas bLhavior as

\
a
p = ) HcPt
(Mw/Ma) + H_
t

where p = partial pressure of water vapor in inches,
of mercury; ’ , | o, ”
.P. = total pressure of water vapor in inches
of mercufy;
H = absolute h&miaity in pounds per pound dry ajrf
corrected to the actual pressure;
Ma = "molecular weight" of air (1b/1b mole)
Mw .=~ ! moleculanbweight"‘of water vapor (lb/lb mple)
V‘The ralat1¢§ghumid1ty (RH) was obtgined by d1v1d1n9 the ’
4

" calculated P r&1gl pressure by ‘the vapor preszure of water e

L]

. ey
1 . S
i i - — e e T—— P '

® Pagé 15-13, Reference 21 .

. By
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at the dry-bulb temperature.

|
-‘h, I
. Relative humidity (RH) = l_g_Op.
."‘ s

.

4. Determination of Mean Air Velocity Through
~ the Drying Tunnel at Room Temperature

The micromanometer readings in mm of water obtained
in determining the air velocity through the tunnel are
shown .in Table VI, |

e The‘average of the three determinations was then
plotted to show the ‘locations of these reading; in the
cross-sectional area of the tunnel (Figure 6). ‘

The, air velocity was then ca]cu]at;d from the

following formula: | - .

The metn velocity was 3.4 m/sec (or 11.2 ft/sec).
In preliminary velocity determinations, the read1ng; in
the central.part of the tunnei were higher than those
found at the sides of the tunnel. A more uniform distri-
bution of air was then obtainéd by inserting a shiped
phffie‘into the air stream“befweén thé fan and the tunnel.
The air velocity for each run was determined at a seleqted ‘
point 1n the center of -the tunne) wh1ch represented one of
'the 24 squares. The. atg ‘velocity at this point was k&pt
‘constant at its original value By adJusting.the var1able

’

transformar. .

£
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Table VI

Micromanometer Readings in mm of Water
Through the Cross-sectional Area of the Tunnel

Micromanometer.Readings in mm of Water

Locations of

Readings Run 1 Run II Run 111 Mean
1 0.60 0.64 0.62 0.62
2 0.68 = 0.70 0.66 0.68
3 0.60 - 0.62 0.64 0.62
4 '0.58  0.59  0.63 0.60
5 0.58 0.59 0.57 0.58 -
6 0.58  0.58" 0.58 0.58
7 0.67 0.69 0.68 ,0.68
8 0.69 0.70 0.68 1 0.69
9 . 0.70 0.70 0.70 0.70
10 0.69 0.69 = 0.69 0.69
11 0.72 "0.69 0.69 v.70
12 0,68 0.66 ° 0.64 0.66
13 0.64 0.62 0.66  0.64
14 Q.70 0.68 0.69 0.69
15 0.70 0.72 0.68 0.70
16 0.70 0.68 0,69 0.69
17 0.74 0.74 0.74 0.74
18 . 0,69 0.69 0.69. 0.69
19 ' 0.60 0.60 0.60  0.60
20 0.62 0.62 0.63 0.62
21 0.60 ' 0.60 0.60 0.60
.2 _0.60  0.60 , 0.60 <L\Q\GOW‘
. » 23 | 0.68 0.69 - 0.67 0.68
oo io4 7046200 0,63 061 0. 62
. T
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5. Determination of the Permeability of the
Bed Container to Water Vapor

Lactose slurries containing 35% moisture were placed
in sealed uncoated containers and in sea]e& containers
coated with epoxy resin. Each sgmp]e was heated in an oven
for 24 hours at a temperature of 55°C. The control consis-
ted of an empty uncoated cﬁp. The weight losses are shown

in Table VII. N

Table VII
% ; f
Weight Losses in Percent of Sealed Ladtose Beds®
~ on_Heating at 55°C for 24 Houlrs - v

)

. Control Sealed Uncoated Sealed EpoXy Resin

Sample Loss - Bed Containers Coated Containers
, H‘* T —
1% 0,125 8.200 0.92]
2 - 0.125% 8,192 A 0.950
3 . 0,115 - +8.293 1.051
a;

Moisture -content 33% (dry basis)
, »

From a study of the values presentéd in the“dbdve
table it was clear that the use'of;an'epo;y resin éoating

for the cup was respansible for tﬁe'gréat reduction in -

»
|}

PR L : .. " .,
.
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weight loss obtained. Reference to published thermal
cdnduct1vity values for both polystyrene and epoxy resin

indicated that the re€sin could have no effect on the s

/

/

insulating effect of the container®. The reSuTts, ,

suggest that the resin operated by rendering the poly-
styrene cup less permeable to water vapor from the ¢/

lactose slurry.

l

6. Equilibrium Moisture Content and Final Moisture
Content of Lactose and Calcium Sulfatgl

Ahe equilibrium-moisture content (EMC) in lactose:

and calcium sulfate. djhydrate és determined by the U.S.P.

loss on drying.method (34,35) and calculated on dry bas1s‘

(36) are shown in Table VIII, The anhydrous form of both
lactose and calcium su]fate'was obtained as a result of
drying,. The final moisture content in lactose and calcium

Sulfate beds after mixing eight ml1 of distilled water with

A5 gm of the powder is also shown 1n Tahle VIII,

l

Thermal conductivi®y of polystyrene is equal to ™
0.058 - 0.09 Btu/Nr ft° F* ft (31), pages 23 - 55;
that of épbxy resin . 1is equa) to 0.10 -~ 0. 80 Btu/hr
"ot? pe gt (31). gage; 23 ~ 54 | |
v . ) .

~—-
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f.' ! Table VI1II
¢! ,
z‘ ‘ " The Equilibrium.Moisture Content
' ”' « . and the Final Moisture Content
; in Beds of Lactose and Calcium Sulfate
v . ‘ "Percent
fﬂ Equilibrium Moisture Content (%) Fing;ngg;iture
? Material Run 1T Run II  Run III  Mean _ (dry basis)
r battose 5,11 5.22 5.01  5.11 23.79
N . "t . )
f Calcium . '
"Sulfate 18.69 18.99 18.99 18.89 40.00
Dihydrate : ' :
Y
J . |
» ]
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7. Temperature Distribution

The results of temperature distributioh'in moistened

beds of lactose and calcium sulfate are shown in Tables

IX i XIV At Teast four determinations were made for each
gystem, Eigures 7 - 12‘show the temperature distribution.
in these bedswu§ing detefgbtained from thermocouples Jlocated
as shown in Figure ﬁ}” N

[

. A study of the temperature distn{éugion'thrbugh a

o . < '
moistened bed of lactose with one side ipsulated showed '

' that during the first 30 minutes heat was transferred

’

through the uninsulated wal] from outside to 1nsidé The
temperature in the sample well was 44° C during the run.m”
It would appear from Figure 10 that after‘about,90 minutes
thé heat was lost to the surroundings. '

Figures 7,‘8 and 9 repre{ene temperajure\uistribution

in moistened beds of ]actose The temperature in-the center

~of the bed was. always’ ]ower than the temperature at the wall . -

in both ]eyels, in the uninsujated .bed container (ﬁigure 7).
1In the case of the resin cdated beds and the ooated
and insulated beds, the temperqture at the wa]l was lower

than that at the center for the first two hnurs, after

;

*f;which it stqrted to ]evel out with the eenter temperature, - '
7*This could be due to tne insulation of the bed uhiph reducedr'”

v
)

heat luss ‘to the sunroundings*‘ fj [ A v‘j: ~\;;Q
T i ‘

nﬁsp%aced! singe 1t 1s‘nbuious fron the high starting

»"(' "'r‘”..";,. i LN
. [ . Loty

The surface thermucouple in Figure 7 epparent]y wus

oy
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Table IX
Temperature Distribution in an Uninsulated
" Moistened Bed of Lactose BPa
(Readings in °C)
Position 1in%“Powder Bed,
Time , ‘ : - Bottom:
(Minl Side 1 Center 1 Side 2 Center 2 Surface Center
0% 27.6 24.3 25.5 24.8  38.8  30.0
3 38.8 348 ' 36.7 33.7 43.8  34.0
60 43,8 - 39.0 41.56 38.9 47.3 37.2
90  45.0 43.0 43.5 42,3 48.3  38.9
8 44.2 44.5 43.4 48.5 ' 39.5
4.7 450 44,2 48.7  40.2
45.2 456 44.6 49.0° 40 6
88,5 45,8 44.8. 494 41.3
' 45.8  46.0 £5.0 49,5  41.9
'45.8 ' 46,2 455 . 49.5/ 42,3
46.2 46.6/ - 456 49,6 42,4 gfnﬂ,
S R Lk B
30 - A6.2 . 46.5 45,6 49.6 - 43 0.

7/ 360 46.1 0 A6:2 . 486 4907 L1438 ;f«f
8604 466 457, 49.8 :1&yﬁ+@&i‘
ch ‘ % W . ;.‘ .":; v‘:.&p,., S ’
L L —Aﬁzez- 49,8 ’44:°r' o

, t - "“; , o P R ,' 1 AT
a Qperatmg conditiqns were: o @empernture 30°C, LR e
": Tunnel temperature, 64°C ;' 1r ve1pctty, 11 2 ft/sec, X
5 Mpisture cnntent 23 BX. e . T e
l~;' | L N O N 3‘51;;“5?lsf3
iy ‘."‘ E 7,‘.‘ -y . ;\“‘”.

e v g BN " ik
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Table XI
Temperature Distribution' in a Moistened (actose Bed
lstng a Container Coated with Epoxy Regin only? -
(Readings {n_°C) »

. ,”HﬁeélliQE,iﬁ Powder Bed

Time . Bottom
(Min) Sfde 1 Center 1 Side 2 Center 2* Surface Center

0 25.5 22.0 25.5 23.8 22 .4 27.0
30 38.9 37.8% 34 c5 3475 39.7 , 30.%
60 . 43.2 43.0  41.0 41.5 44.0  33.6
90 45.3 45.0 43.7 43.3 46 .0 36.5
- 120 46.0 . 46.0 45.0 445 46.2 38.5
150 46-.3 46 .1 45.6 45.6 46 .6 41.0
180 47.3 47.0  46.5  46.5 47.4 42.0
210 47.6 7.6 47.0 47.0 48,0  42.5
240 *48.4  48.0  47.3  47.5  48.5  42.6
270 48.4 48.5 47.5 47.5 48.5  42.6
300  48.5 48.5 47.6 47.5 48.6 42.6
330 48.6 A8.6.  47.6  47.6 48.6  42.0
360 48.6 48.7 47.8- 47.7 49.0 42.8
390 48.7 48.7 48.1 48.1 49.0 43,1
420 , 48.9 48.8 48.2  48.2 49.1 3.3
— - - \

\ ) i . . ‘j ) ;",
* & operating condittohs?&eré: Room temperature, 24°C;,
Tunnel temperature, 54°C '+ 1*; A{r velocity, 11.2 ft/sec;
Mofsture content, 23.8% '

o R ‘ ' K
oy
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Table X1V,

lemperature Distrifution in a Moistened
Calcium Sulfate Dihydrate Bed®
(Readings, in °C)

Position in Powder Bed

L . ' e
Time i ' b i Bottom
“ (Min) Side 1 Center 1 Side 2 Center 2 Surface Center

- - —_— j— i e s e it e g

0, 28.0 25.0 29.0 25.9 25.3  28.0
30 32.0 259 31.5 26.9 28.4  28.5

- 60 34.5 32.0 33.0 30.9 § 31.5  29.0 |
90  36.5 34.8 35.0 35,9~ 342 30.5
120 37.2 35.9 36.0 35.9 | 36.1 31.5
1§gfﬁ 37.9 36.0 ® 37.0 36.0 37.9  32.5
180  38.5 37.3 3.2 36,9 39.8  3d.1.
210 39.0 137.9 38.9 37.9 40.56 35.0
240 39.6 38.2 39.5  38.1 41.5  35.9
270 40.5 38.5 39.9 ¢,33'6 42.2 [ §36.0
300 40.9 39.6 40.5 40,0 42.9  36.5

330 416 41,0 4.9 40.4 43.4 3r.0
"360  42.5 42.0 .. 41,0  40.8 43.8  37.5
390 . 42,7 42.5 42.2 41.5 44,8 38,0
420 438 43,8 43:0  42.9  45.5  38.5

a _Operating cenditions were: ' Room temperatﬁra.’28°61
- Tunnel temparature, 54°C &t 1°; Air velocity, 11.2 ft/sec;
- Moaisture content, 40.0% D ’

”
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Figure 7

‘Temperature‘bistribut1op in a Moistened Lactose Bed
Using an Uninsulated Container
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Temperature Distribution in a Moistened Lactose Bed

Using Container Coated with Epoxy Resin
and Insulated with Glass Wool
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Figure 9

Temperature Distribution in a Moistened Lactose Bed .

Using Container Coated with Epoxy Resin Only
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Tampér;ture“01str1but1on in a'Moisteneq Lactose Bed
~Using Container Half Coated with Epoxy Resin
and Insulated with Glass Waol . '
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Temperature Distribution in a Moistened
Calcium Sulfate Dihydrate Bed Using
Container Coated with Epoxy Resin Only
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temperature that it waFﬂabove the plane where vaporization
took place. ) | r

" The temperature distribution in moistened beds of
calcium sulfate d1hydrate using resin coated containers is

shown in Figures 11 and 12. A comparison of these ya]ues_
’ ' /.

with those cogﬁained in Figure 9 indicates that “the temper-

ature in the calcium sulfate bed varied a great deal more

than in a lactose bed. Also, the surface temperature in
the calcium sulfate bed was lower than the temperature

recorded at the different locations in the bed,j% the first

hour of the drying process.

8; Drying Rate . e

~ The nesults of four drying runs for beds of lactose

and those of two runs for-calcium sulfate a!re‘p‘ted in

the following pages. All runs4were made under the Lame

drying conditions. - The air temperature was painiained at
54f0i]° with F velocity of 11.2 ft/sec, and relative

humidity of 40 percent.

-

A. Drying Rate CuryeS

‘The daté'obta1ngd’w9re co]]ecfedrand‘hre‘preSénted

n Tables XV - xx These'vaiues were emp]oyéd'in'the

cpnstructlo” of- mo1sture content versus time p]ots and
\

v

‘drying rate curves (Figures 13 ARATE

O Thqrdrying rate. curves nere btained from the graPh
ny

‘0‘,

pf :?ﬁsture cdntent yersus time by taking the difference

i i ! )
N Coa - ' st . :

P ]
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Table XV

Percent Moisture 1n‘05hp Powder Beds
AN a

of Lactose Versus Time

Percent Moisture Content Calcu]afed
on Basis of Dry Weight .

Time \ 'gun 1 Run 11 Run III Run IV . Mean

0 Min 23:90 23,237 23.85 23.45 23.61
15 Min 22.48 22.07 22.15 22.35 22.26
* 30 Min 21.46 21.48 ' 21.44 21. 7 21.52
45 M1in 20.48 20,60 20.70 20.84 ° 20.65
60 Min 19.84 19.79 19.83 20.03 19,87
75 Min 19.07 - 19,23 19.10 19.41 19.18
90 Min 18.53 18.64 18.59 18.82 18.65
105 Min . 18.25 18.09 *18.03 17.95 18.08
120 Min  17.42 17.51  17.50 17.42 17.46
135 Min 17.00 17.17 17.10 T2 1712
150 Min, 16.63 16.66 16.66 ‘16.77 16.68
165 Min 16.02 16.32 16.09 16.48 16.23
180 Min 15.83 16.03 - 16.03 ~ 16.19  16.02
195 Min 15.58 15.68 15.62 15.90 15.70
210 Min . 15.32 15.26 15.26 15.41 15.31
225 Min 14.89 14.96 14.92 15.09 .14.97
240 Min - 14.66 14.88 14,80 14.74 14,77
255 Min ~ 14.48 14.63 » 14.65 - 14.56 - 14.58
270 Min+ - 14.24 -14.32 14.30 14.20 14,28
285 Min 14.02 . 14.07 14.10 . 14.16+ 14,09
300 Min . 13.59 13.77 . 13.75 14.13 13,81
316 Min'  13.50 13.60 13.69 13.61 13.58
330. Min 13.41 13.47 13.41 13.42 13.43
A5 Min. ' 13,24 13,22 13.23 13.29 13.25
360 Min 12,99 12.97 12,98 12.96 "~ 12.98
375 Min 12. 82 12.88 12.77 12.76 12.81
090 Min 12.70 12.63 ' 12.66 - 12.60 12.65
AOS Min 12.50 12,40 7 12.42 12.40 12.43 ”
420 Min - 12, 25' .12.20 12,23 - 12.20 -12.22
- 24 Hr L . 10,80 : '
L T 5,74\
294 HP : ' . [ s 5.12 ‘
L . A
T R T T

\Operating cond1tions were: ﬁ Tunnel temperature,

. D4RC 2. 1%5 Al velocity, 11,2 ft/sec, Relative
hunietty, "a08 NN :
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' Table XVI ¥

Mgisture'Contehta and Drying Rate in Beds of Lactoseb

Run 1 ' Run IT .. \

v
;

« Time Percent Drying Rate Peércent ° Drying Rate .
(Min) Moisture (g/min) | Moisture (g/miV) ",
7.5 . 23.10 0.095 22.50 0.077 ’
s 22.48 | 0.081 22.07 @  0.070
30 21.46, v, 0.062 21.48 £ 0.052
257 20.48 0054 20.60 . 0,044
60 19.84 0.046 é}lr9.79 L 0.083
90° . 18.53 - 0.040 . 18.04 0.036
120 17.42 ' 0.033 17.51 0.033
150 16.63  0.027 '  16.66 0.024
180 15.83 '.0“.023‘ h 16.03 0.023
210~ 15.32 . 0.020 35.26 0.020
240 LB.66° 0.018 " é!.aa 0,018
270. | @2a . 0.6 o3z 0017
00 1359 . 0,015 13.77  .0.015
330 . -13/41 . 0,011 . 13.47 0.013
360 ia.zg w013 12.97 ~"63013
i 390 - -Tz§7b" . 0,010 iz,ez . 0.010
U408 1;fso ‘. ~ 05008 o ,12;40 . 0.008
Moisture c;ﬁtent was ' ca]culated &h the basis of

ﬂdry wqight of . 1 _tose o .. ‘\

gOperasing condftqns were:: Tunne] temperqture. B

. 'B&°C. % 1°; Air. ve]ocity, 11 ft/seq, Re]ative
,humidity. 40% . B

Cod .
[ . i
< . SENNY . ‘ . o '
L OA . RN N ‘-.,\?y “ v . A A e ' .
P £ f ’ .

T
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A 1Y welght of Jactdsd

b

huagnﬂ ty. 4 9§

arqting can

ditions uari.
ir vnloc!ty. li

1 . ~
1 #a

Tunne) ta
2 ft/sct

)
]

oo

Nn1sturo contcnt was ca}cnlnted on thp basis of

ert"f.i
14t ve

Table xVI_(cont.)
Moisture Content® and Drying Rate_ in Beds of Lactose”
3 Run_111 _~ e Rhn IV A
Time Percent Drying - Rate Percenq \ Dryfng Rate
(Min) Moisture (g/min) Mofsture (g/min)
7.5 23.20 0.076 . 22.88 0.063
15 * | 22 .15 0.068 22.35 0.058
30 21.44 0.053 21.71 © 0.056
45, 20.70 ‘0.0571\\ 20.84 0.050
66 | 19.83 0.050 20,03 0.046 ,
90 . . 18.59 0.043 18.82 ' 0.039
1201 17.50 0.030 17.42 0.032
150 16.66 0024 16.77 8.026
180 16.03 . 0.023 16.19 0.025
210 15.26 10.023 15.41, 0.022
240 14. 80 0.01 14.74 "1 0020
270 14.30 0.018 , 14.26° > 0.020
300 71,75 0.01% ¢ 14,13 0.016
1330 13.41 0.015 MREREE 0,014
360 lzigm 0.012 12.96 0.013
390 12.65 " 0.006 12.60 0.007
405 ) 12.42' o\Po7 rz.no " 0.005
- .

.
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T
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7.5 0.

15
30
a8
60

90

120
150
180
210
240
270
300

330

390
405

Table

Drying, Rate

e XVIT

of Lac

A0

me

n) Mean

»

0.

o O O O

o © O

0.

0
0
Q

078
069
.056
.051
.046
.039
.032
.025
.023
021
.018
.017
.015

a

ctose

Dr 1n<_Rat¢_j92mjg)

Range

0.

0

0.

0.

O O o o o ©o

.003

023

.023

006
013

.007

.007

.003
002
042
.004
.004
.00
.004
0.

t

001

0.004

0’

003

"‘ ‘ lb ¢

Operatlnl ndittnno were:
eugg e, 54°C ¢ 1°;
2 ft/sec;

Tunnel ¢

.Atp vcﬂnciﬁy.‘*:r

Rﬂlative hunidit;. GQS ’
Huan of fcur nyns

L

PR
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able XVIIL

Drying Rate of Lactose - Values Obtdined

Using Method of Least Squares®

SRR T - 4

Time QEXlﬂEMBﬂte (g/min)
(Min) Mean Range
0 0.074 Q. 022
15 0.068 0.017
30 - 0.062 0.012
45 ¢ 0.055 0.015 ,
60 0.048 0.002 -
75 0.042 0.008
90 0.039 0.007 )
105 0.036 0.001
120 0.033 0.002
135 0.030. 0.006
150 0.025 0.007
165 0.023 0.004 (
180 _0.022 0.003 >
198 0.021 0.005 .
210 0.023 0.005 : h
225 0.019 0.006 ‘
240 ) 0.014 £ 0.004 ~
255 L 0.014 0.003
270 - 0.015 Q.007
285 o 0.016 0,004
300 . 0.015 0,601
315 ' 0.014 . 0.005 ’
330 ._8.013 2 0.00
345 a3 Loloed N\
SRS 1 B
' 3. 0. *
7 ' ' K . o ’
a Dpersting conditions were: : .
Tunwel temperature, 54°C : 1°;
Air velocity, 11.2 ft/sec;
Relagtive humidity, 40%
Mean of foar runs
nlb
' ' . » q. . ,.,.,)
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b .
Moisture "Content Versus Time

in Beds of Calcium Sulfatvmgiﬂlgggigi
% Moisture Con;Znt on Dri Basis

Time

(Min) © Run 1 4;u111 Mean
Jo . 46.24 45,50 45 .87
L35 45.40  A4.20 44 .80
15 - 44,31 A3.97 44.14
30 42.14 42.07 42.11
45 40.33 39.83 40.08
60. 38.16  37.97 38.06
75 37.10 36.73 36.92
90 36.07 35.56 " 35.82

1056 35.06 - 34.39 34.73
120 34.34 33.34 33.84
. 135 33.43  32.81 33.12
150 32.88 32.30 32.59
165 32.26 31.72 31.99
180 31.82  30.99 31.41
195 31.42  30.28 30.85
210 31.10 29.81 30.46
225 , 30.51  Z9.50°* 30.04
, 240 30.14 29.08 29.61
255 29.75  29.98 29.37
270 _ 29.45 2B.72 29.09
285 29.15 28.61  28.88
300 28.88  28.25 26.57
315 .. 28.62 28.20 28.4)
330 © 28.24 28.Q0 28.12
345 - ‘ 27.98 27.858 27.92
360 27.80 27.60 27.70
375 27.56 27.40 -27.AB

L]

390 ., . 27.28 27.30 27.29
403 . 27.000 27.00 27.00°

.!‘9 \
“s

420  26.80 26,90  26.85
PR - IS,
*v‘ﬁﬁﬁe;a‘ﬂng ‘conditions y'oere: .o

- Tundel. temperature, 54°C = 1°;
Air velocity, 11.2 ft/sec;
Relative hymfidity, 40% o

» . ’ .
l/ 4 '



Table XX i
. ",

Drying Rate in Beds
of Calcium Sulfate Dih_ydratea

Time Qﬁllﬂ%_ﬁﬂﬁﬁuiﬂlmlﬂl
(Min) Mean Range
€ e -
7.5 0.126 0.013
. 15 0.136 } ©0.001
30 0.129 . 0.005
45 0.121 0.013
60 0.103 0.008
| 75 0.075 0.002
- "
90 3 0.061 | 0.015
- ; -
120 10.049 0.008
150 0.040 0.00Q
180 0.035 0.001"
210 0.029 0.001 " o
240 0,027 0.001.
270 T 0,018 0.005
. ' v C - g 5
. 300 ©+ 0,014 _ - 0.008
330 . p.016 | (NO009
360 . 0.0  o0.00}
; 390 . . 0,014 *.’O.QSL *
® Operating condiﬁjohsfwere: r
' Tunnel temperature, 54°C = 1°}
SN Atr valocity, 11.2 ft/sec;.
L ,_‘.RQJ‘QM?Q humidtty, 40%

mﬁ_ngaptofetﬂgﬂdapgbn1ng;19na\ L

PEA P
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1 & - -
in the mpisture content bet)ﬁen any two measurements inided //
by the time period 1nvo]ved This value was plotted agafinst

the m1d‘¥oint of the time, per1od fo} a drying'rate versus

t ;
time curve.' b A

*
Tpd's method if obtaining the drying rate gurve has .

been used Pgeviousiy by Bartlett (6). . However, Bartlett
employed a technique requiring removal of the bed from the "

tunnel at three-minute fntervals for weighing puiposes
R )

The weight d1fferg;ce was then .divided by the t1$e di ffer-
L

ence to obtain a v!ry smaooth drying rate curve, ~

-

\\ Another method used 1n the palculat1on of the drying
rate {s by using the smoothing techn1que which ,Involves the
approximation of the tabutated data by a least sqﬂire fib.
of the data using a second degree Lolynomia] express1on

tpis method was used for the calculation of the
drying rate of lactose. The" results c&dCulated by this "
latter.method are shown in Tabfe XIX, and the curve plotted
from these data is represented { Figure 17. .

Plotti&g the 1qgarithm of [the drying rate versus
1iquid content for both systomg ./ 1actose and calcium sulfate
dihy?rgto. gave a linear plot once the constant rate perioad
had elapsed, as shown 1n F1gurc'18'nnd Figure 21.. This way

noticed for tha first time by Ridgway and cullow in 1967 . '

(1), ‘o | ‘ o
AT -



9. Solute Migration ~

» ) 7

A. Calibratiop Curve fqi_Amaranth Solition

The redults of the ab}orbance of a series bf'ten

amaranth sqlJzions of 1nc;ehs1ng concentration measufed at
" 522.5 nm using 1 ¢m cell are reported in Table XXI. The

plot of absorbance against.concentration gave a rectilinear
curve over the éénge of 0,18 mg to 1.8 mg of amaranth per
m]l of sb]ut1on. as_éhown fn Figure 22.. This 1291cates that
Beer's law rélatfonsh1p 1s obeyed over this concentration
range, " - o

The slope of the curve was found to be 3.783. Th1§
value was used to determine the concentration of the dye

in different ieyelé of the bed during m1§ration due to the

’

B. Determination of the Effec¢t of the' Presence
' ol Eacfose on gﬁ Absorbance of Amaranth

A ”T" test was appiied to the datu to determine

drying process..

whether the d1fferqnce batween two mgans fs significant:
‘(mennxibsorbnnce of 0, 0013% solution of_ amaranth in _
distilled water and tn a 1% solution of lactas!5 The data
prgantcd 1n Table XXI1 wgre treated*qs unpaired data. and
the d{ffcrencc was found to be 1n519l1f1c¢nt

. Thc rn{bita for thn dntgr;}h‘fion of the stab111ty
et nm rlnth Are shnwn 1n Tablc XXlII " From thgsg results.'

;"." X - : . t ) '

0
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, Tablie XXI
/ Relationship of Concentration ‘
of Amaranth to Absorbance at 522.5 nm
P ,
Concenttration _Absorbance
(mg/mlz~ﬂ (Run- I " Run Il Mean
| ojtszﬁ N\ o6 o.os 0.075
D.36. 0.143  0.141  0.142
. o 0.216  0.216 0.218 ,
0.72/  0.218  0.226 ',dL27z’ L
0.90-  0.351  0.349  0.350
1.08 .. 0.424 0,247 0.426.
1,26 .. 0.483  0.481  0.482
| Ab 0881 ) 0581 - 0,581
1.62 0.615  0.6256 ' 0.620°"
1.80 . 0.678 0676  -0.677 ' .0
, T
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» .
it was coociuded that'there was no effect on amaranth
so]ution dbncentration due to heating or due t$ the presenoe\\
_of 1actose But there was a Nttle significant decrease in
the amaranth soiution concentration in the presence of °
calcium sulfate. This could be due to the adsorption of‘

amaranth on the ca]cium su]fate dihydrate

"

D. Solute Mig%ation'
<\

The results of the determination ‘of migration of,
amaranth and moisture distribution in beds of lactose and
calcium su]fgte are shown 1in Tables XXIv and XXV. The mean
value of,three deter inations of~amaranth migration in
1aotose\and caleiu sulfate was dlotted in Figures 23 and

l 24, The resu]ts plotted in both figures represent the
. average eoncentration'of amaranth ?nd moisture at the B
“-different depths. '

i

These resuits indicated that amgranth dye/uigrnted

b with the solvent to the syrface of the bed mostly within
Tthe firSt hour of the dryiné period After thet-there was‘

. . P L.
+ , . A ~
. . .

'iittie migration in both systems._’

o ,,” It Nas noted thgt most of the‘ﬂusfhas depbaiteqhin
"_the top n.m of. m bed to qum o 0.159 om, 5At i




' for different lengths of t1me |

su]fate bed seems to have dried to a’ gréater depth than the )

v
lactosa bed :

"
0 . t - ]
. .

B r~

- .

E. Determination of ghe igration of Amaranth
tn damp Beds of Lacto ana Calcium Sulfate

Tables XXIV and XXV show the extent of migration of

amaranth and mo1sture distribution at*different depths in

beds of lactose and calcium sulfate after drying the beds

1

e e
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<4 Table XXIV -

'Congentratidn of Amaranth and Moisturé Distﬁibution

Versus Time in Damp Beds of Lactose o
! b ~ ' o
L Distance From - Moistur Concentration )
Run " Time Surface | Content . ofAmaranthb
No." (Hr). (%) L (%) (%) v
- 0 - 7.14 14.000 10,028
14,28 | dMZkOS' “0.024
' .28.57 ‘ 14.890 v0.024
- - 57.14 ' 14.870 0.024 | '
87.71 14.860 . 0.027 .
100.00 T h . 14.990 , 0.028
e o s G m mm o ‘\’\-FAHAH—;-\FHHAR—\)—\\ ———————————— - - o o m n m - e e oy .p
2 ] 7.14 - 6.650 .
14.28 - l0.475 -
.. - 28,87 g 1822,
~ .. 57.14 {7 11.998 .
v 87.711 . 1.714 | b u
100,00 11.885 % 0.018
j‘mm’—he-;anﬁﬁangqﬁmépgnpgﬂnnpaqn—qnaq-aqgﬂqngm-;n;-n-whaqpﬂgh
L3 -2 S704 0 3.9804‘ " oo88 M ‘.
o S 428 0 8360 0,028, v
e ~28.57 - 0. 75 . 0.018 §

TURE RN 1 '?\\\\‘ T 9,000 ;"‘ 0017
L e e BRI - ife00 L Cloore L »

P i R ;

o " 100, L e 1 1 T Y 4.1 | RA A

S Yy . Ca . i

hﬂe **5EH!FGqqﬁaeanq—negsnnnqnnp—ﬂaq-qnndamqpqnbnﬂanaﬂqanna ig"ﬁ”
’ L LR : P . L

o rr SRR , W ,”Fqnt,inuad
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DA | Table XXJV (cont.) "
n ' . '} ™ .
" . / O v * .
Distance .From . Moisture Concentration,
Run  Time Surface . . Contenta of Amaranth
No.- (Hr) . (%) ‘(%a (%)
4 . 4 7.4 3380 . 0098 .
. 14.28 8.101 0.024
28.57 8.717 | 0.017. » ,
57.14 | 9.915 -~ 0.018 =
85.71 ' 9.950 0.018
y . 100.00 . 9.950 o .0.016
"-"-"-——-A-d—-—f-——-ﬂ—-—-—-,-——-.g—.—----"~-~—"~—l-—-«--.--u- ————— r-'*-p‘*
‘ ¥ .
5 6 F - 7.4 1.614 . - 0.098
- 14,28 s, Lns . /-0.038
l . v” - 28-57 ’ .l‘ 2-869“\ N 0,01.2 s ’
o 57.14 T 3.440 . 0,010 ',
e 85.77° - . 3,950 0,009
100.00 . 30980 . 0,010
!\nn.--n-—\n:-;—HAL-Herﬂndsman?bﬁaaga;na na-v&aﬂanaﬂiqgvamh‘pﬂﬂ"!\lﬂ-;:‘h"‘ pot,
6 24 . 704 . 0714 . 0,908
(RETEEI | % 1R Y 11, S 6&030 ,ﬁ-_‘
. | N :itg&."sy . '
: :t 57. ]4
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. L 100 00
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Concentration of Amagénth!gnd Moisture Distribution
Versus Time in Damp Beds of Calcium Sulfate

| : /
. .

Distance From . - Moisture.  Concentration
Run  Time Sur{?ce . Contenta ‘of Amaranthb
No.  (Hr) (%) , . (%)

1 0 1 M 14582 0 - 0.02
fla.2s 14.704 +0.021

o /28.57 14.890 10,020
L 57414 . 14116 10.020
~ // 850, o | 15,590 ) 07017
SR S ‘r/’- 1000000 % " 15,660 .. - 0.019

: 4 .
bl Kl B T I NP Y —qpq—gn—g-‘gn-q—a—.A.qq,gp—‘—ﬂ,—a-‘n—na—rnq\nnnqqnahw
| . . ' ' .
v . ! '

EE VA AT 6,954 . 0.053

»

/ " '4125«.'« IR I VA 0,025 .,
S sET [ T A N 1 e
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| . Table XXV (cont.?)

B Distance From " Moisture Concentra%ign
Run ., Time . Surface Content? of Amaranth
SN (HR) (%) S (%) R) .
4 4. g8 %S§oo | . 0,058
Y 14.28 \- 7.998 - 0.028 '
. e 28,57 A-8.780 ° 0.020 R
- YA T 9.900 | 9.015,
¢+ . 85.70 9721, 0,015
| . 100.00 ' 9.951. - - 0.021
—w-v---‘----vr-—-'-—-—-—'------------—---‘-a------—--w-—‘---r—--—-- : .

¢

PN S [ 7.4 B 1.800 o.o58 .
| 14.28 . 1,950 0.027 . .
- 28,57 .t 2790 .. 0,018 B
Co 8704 0 3090, a7, /
-~ eesdo 3, 9oq“., -~ Q0 018

100000 0 3,980 C fomr o T

L
.
A
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1. Calibrationp of Thermocoug}es.

In designing the project, emphasis was p]aced on the )
use of thermocouples to record the temperatur}s hroughout
the sample beﬂs. As such, it was essential that accuracy
of the thermocouples be ver1f1ed The emf values obtained
from the calipration procedure were compared with the
Published data (38), N;~§1gn1f1cqnt differences between
the observed and ;helliferature values were found‘for the
thermocouples used in the presedt 1nvest19ation ’ In act.
a stra1ghz line re]at1onsh1p was found when the emf values
were plotted as'a function of temperature,. Ca]ibration of
the thermocouples was repeated a numbpniof times during thé
study. No significant diiferences werg\obta1ned among the
observed values, 1ndicat1ng»q.sens{q1ve:§nd highly repro-

ducible recording system.

2. Effect ¢f Condy'tjom of Heat ‘ | ‘
ATong The Wire to t e Junctfon : :

Statist1cal annlys1s of the dqta presanted in Tables
IV and v showad that the heat conducted elong the wire to
thc Junttion was 1nsign1f1cgnt.‘ On. tﬂe Snais of thase B
rnsults it was concluded ‘that any error|1nvol~ed in the
powder»ﬁqd tqnpqrnturu racordinq3 could be 1?norad

%

] .
i ; . Y

PRE ¢
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3. Determination of Mean A#r Velocity
hrough the Tunnel at Room Temperature \

From the results shown in Table VI, 1t may be seen
that the' use of the shaped baffle plate 1nserted between

" the fan and the tunnel produced a éatisfactqry\air distri-

g

' . A\
bution through the cross~sectional area. It was found that,,'

the fan had to be left in ~operation f t least 30 mfnutes

in order to stabilize air flow at fhe required velocity
before starting the experiment. As a precaut1onery measurf

the air velocity determination was. qepeated at regu]ar

]

intervals to ensure reproducibility of the resuLts.

; Ca ¢ S
. ,

4, Temperature Disfrihutfon N °

"

The results obtained for the temperature distribution
in beds of lectose using different containers ‘arg -shown 1n
Figures 7, 8 and 9. A close study of these figures showed
that further 1nsu1et19n of the bed with the glass wool had
no significent‘effect on tempereture d1etr1put19n. For

this reeson 1t ygs felt that conteiners coeted with epoxy

resin alone would be\\étiafectnry. ,' " .w, .
- ' The results abtefned in beds of lecta;e enq ca1c1um
sulfnte showed that the te;Bereture hear the nell was ﬂ:",_ ]

gonsistenxlx higher then thqt at’ :ne center of the bed n;
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¢
lvapofizé the Qater. which was .then carried away by the air
Stream. | o V
Adams (7) suggested that the void fractibn was.
~\§reater,near the smooth walls of the box. Therqfore most
'of the air entering theilower depths éf\ihe bed 'probably
flo down the walls,father than through the céntér of
theC::d where thg voids were slightly smaller. Adams
pastulated that this air became saturated nea} the.§urfaé;
of the bed and then passed down into the cooler depths
causing condensation and release o& the heat of vaporization
«+ in the bed mear the wal]s. - . .
' - This goncept did not seem to fu]ly explain the
K resu]ts obtafned 1n thig study, probably because of the
¥ nature ‘of the bed. The particles and yoids 1nvo\ved are {
much sma]ler than those in Adams' work. Since the bed was
a.damp‘gags. it was ;hought that a' thin ]ay&f of(@oisture
ma} have existed in contact with the smooth inner walls of
the cup. It was then assumed that most of the heat enta‘\ng‘
the lower layers of the bed would have a jfndency ta flow
| ,dnun the sidas rather &ham through th centgr of the bed, —
| .Other faetor& mm asg t‘hwght to contrtbm}g ta.v:ih@ Mghqr :
-t t;qpqnmn At the. ni of the. cgntnmrz !Qne gf thqsg[
fae;wa mm bg ggnducsmn thmugh m vmvef %hg unpls b

" 5
N u. T ‘li‘ ‘}ii" :

talner due’ gwmmn tamm‘ :
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1n'the bed?by.conductiqp in the solid and in the air-filled
voids. OConvection.end radi‘tiop may also'be operative in
‘the voids. Edr small temperaeure differences, however, the ’
effect of radiation would be small, and convection would be
important only if the bed possessed a very open structure
This fact would suggest that heat transfer through
the Aed occurred mainiy by conduction. T wder bed ,
'stq;ted at almost a uniform temperature, and when it was
subj@cted to the warm air flowing over the surface, a
temperature gradient was set up. The bed-surface then
reached a hfgher‘temperature repjuﬁy‘but ieyers-et greater

[4

depths took longer to adjust. \»? SR
| F The surface temperature ip the calcium sulfate hed
attained the wet-bulb temperature with the hei} fransferred
from the warm air gAd surroundings being. used in evaporating
water from the surface.. However, as drying cont?nued"the
volume of weter on the surface beceme S0 depleted that the
surface no longer beheved as 1t did when thOroughly wet,

"n fnet, the.rete of eveporetion decreasea and of course

the rete of heat eensuuptien was likewi:e 4eereqsed.' Tgis,*
'fituetien requfred a deereqae 1n the, !Emﬁereture dtfferenc »
stupe tke hegt tran:fer coeff@eient ene heet trensfer enei
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The temperature in different depths of the bed after
the f1rst falling rate par1od did not approach a uniform
value (pseudo—wet~pu1b tempepature). This result disagreed
‘with the findings of Nissan et al. (18) and Adams (7).
Similarly, Park (40), in h1§ work to establish the pseudo-
wet~bulb temperature 1in different'matertals, claimed that
the effect df_this temperature 1in most of the systemd
examined was not as &arked‘as in the work of Nissan et al.
'(]§.]9,20). Nowever, it was thought that the meisture
cdntent in the system stud1ed in the present 1nvest19ation
does not fall off as sharply as 1n the experiments treated
by Wissan. As a resu'lt, vaporizathon wou]d occur over a |
thicket region of the material. |
” .3Froh the results of.the tenpecature distribution: g
etudy 1t.was found that. the surface temperature in 1ectose
" beds did not atta1n the wet-bulb temperature.‘ This was

thought to be due tq the lTow inftial moisture present in
- the bed., It was also found that a pseudo ~wet- bulb tgnper4~
time dtd nat become estpblished tﬂrough the bed. FFom the
4ﬂubove resu]ts 1t was concluded that conditions needed bp

estab11sh a pseudo—wetabulh tempergture 1n tha bed were not

4y
N P ' : N i L ! [
-aehieved, S A e _-, T T
* ' AN : . ’ o ' K ) Yo -t e ;
X ‘ . (;- ' B 3 B ) L ‘ . | .
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oy S ‘ 0‘ P X
on therlaétdse surface but not_on the calcium sulfate
surface. "It was thought that the solubi]ity of lactose
‘1n Water promoted the crust formation on the surface
This will he discussed furthpr under the head1ng “Drying

Rate".

6. Determination of :!e Permeabi11t | -
of tﬁe Bed Container to Water Vapor

. From Tab]e VII it may, be seen that the bed‘lhntainer

used in the experiment was permeable to water vapor. Since
)
the experiment in the present 1nvest19atiqn was desiiﬁéd to

expose only the upper surface of the bed for evapora ion,
it was thought tha% the usb egoxy resin might help to‘
overcome this prob]em~. As 1sgpvident from the results

presented in Tab1e VII, the use of epoxy resin. coating for

s b ) ' f“' *_ ".
trom the resu!ts presented 1n fhbles XV - xx;ﬁ :,gu

R Figures 12 - 24 At ts seen that the drying sycle cancie
dividfn 1nto tuo distinct zones. ¢onstagt rqte period and. .
fallinq rqtg pqripd,, ln :hn cnnstant rnte perigg, dpy}hgﬁﬁd?




[

‘proportional to the difference between the partial pressure
~of the water on- the surface of the bed and that in the
drying air. However, the rate of diffus1on will increase
with 1ncreased*%1r ve]ocity due to decreasing th1cknes§”ﬂ¥
the air layer. The fal11ng rate period is conSIdered to ;
be d1v1s1ble into two secondary per1ods or zones, which may

be termed the zone of unsaturated surface drying and the
zone of 1nterna1 11qu1d flow.. The, former fo110ws

immediately after the.critica]vpoint; the decrease 1n'the,'A
rete‘of drying in this zoné is due to a{decreaseiin the

area of the wetted surfece of the . material! The eurface

1s no longer complete]y wetted. and the rate of evaporation: j
per unit of total surface is tnerebg redated The mechanism
of. drying in this phase 1s essentieily the same as‘dry1ng in
the constqnt rate period s0 that thé‘rate 1s'apparent1y :
1ndependent of the th1ckness of the materia] being dried,' -

" ‘ Dqé%ng ‘the zone of unsaturated surfaee drying. water

xﬁ;diffuses to the surfnqe as fast as 1t js eveporqtedlgnd 1t
7;mey be sgid thet the resistaﬁbe tq 1nternq1 ligu1d7d1ffuslan
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\

. {
the rate of/,‘ternal vapor diffusion and the:rate of heat:

conduc tion ntrols the rate of drying. The <d ing rate '

curgwﬁg} ose and calclum.sulfate in the falling rate

per1od shbws no evidence of a second ciitical \joint, as '

l

“the pojnt;ffall on a smooth cugve of gradually Qecreasing
slope. . ﬂhis shape of the dryfng rate curve is obtafned
when 1nﬁsrnal llquid diffusion controls the rate of drying

\,

»
-(l4) fﬁe results obtained therefore suggest. that 1nternal

diffuslon of the moisture through the solid was a controlling

~

factor ﬂuring the later stages of drying for both the
¢ ,lactosglann/calcium sulfate systems However, it was
,thought' hat/in thg first part of the falling rate period
J in thcll\pﬁqse £Ty1ng rate curve (Figure 15), evaporation

s
t

1

was prlmag&dy A szrface phenomenan. Thls concept was

P D

'supporteg Qx khé results presented 1n Table XXIII on so]ute

’llf‘ \ X .
#"mlgratimn t% yed vof lactqse. It also asneed wlth tbe




. and Figure 14 record the drying of a 1actuse bed over a
period of) 294 hours. These resuf%§ showed that the amount
of moisture present ip the bed was equa] to’ 1ts equilibrﬁ‘.
moisture content (EMC).‘ This was consistent with the fact
that anhydrous air was not used to dgy the beds It has
been suggested ‘that somexof the nonpo s solids generally
shbw relative]y low EMC over a’ wide ranfe of, réTative '
humidities. For example. Scott, L1berman and ChOW‘(39)

“shoyed that ihe final moisture gontent of a placebo granu-

> 4

Tation. cod&ijting of 85% lactose, after ‘wet granulation
as not affected by a decrease fvom 70% to. 30%

\

with water,

in, the relative humidity of the drying air, Using the :
f method of: ]eqﬁt squaned for cadiilating the drying rate of
.lqctose as sh n in Table XIX , not 1mprove the drying
rate curve particularly in the final stages of the drying
'prgcess when the drying rate was fair]y low \p gji” f"

=F.‘ Examinatton quFigures 23 and'24 shgwed»th t at one |

,;fled .t,o“‘ gregter?dﬂsth% conpwed w1:

his ew Alse



actose and ca]cium su]fate (Figures 18 amd 21). A s1m1lar "
inding was obtaifed by R1dgway and Callow in 1967 (21

It was found from the data forﬁnoisture d1str1bution

as presented\:n Figures 23 -and 24 that evaporation in situ
was tie\operative mechanism in the systems invo]ved in thds
study | This mechanism 1s d1ffe(ent from that- operating in

the system studied by Ridgway and Callow ‘The1r mathe~

‘; mgtical'ana]xsis‘for this re]ationship‘seemed ;o‘aéreé,with
' . _ . ' , o] :
‘ the mechanism operating in the system'they examined. How-

[N

ever, the1r theoretica] ‘treatment was hot confirmed exper1--
- mentally Further, they did not’ mentiLn 1n their study S
that this relationsnip would not hold %f the drying mecha-"

vy e
;\l L)
y <X 0

nism were different from the one~operat1ng in their system:w.

v

\, . R

8’*\Calibraﬁjon _grve for Amgranth So]ution g j?-- rj' S
, . 7
. \fl‘ : In terms of absprbance, a linear relationsh1p was

fcund t e;ist over the copcentration range of 0,18~ 1 80 mg ‘
;ft‘fiamaranth per ml.@ Répeated testins d"P1"9 ?he °°"PSé °f
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inftia) cpnrentﬁation Qf the aharanth solution used. It
' 1

'was thought that since amaranth 1is a water-soluble dye,

the decrease in its concentration was prabably due to 1ts

A

VYT .
tﬁ@ldsorptfbn on calcium sulfate In oshiﬁ words, calcium

. 4

sulfate had an ab1l1ty to adsorb some Qf the dye to a

.

measurable extent. o
\"’ 4]

10. Solute Mi‘ggt1on ‘3~ 'm~ . .
An examinntion of Figths ?3‘!“d 24 shows the
migﬁation of amaranth 1n beds 6f¢1aggbse and calcium sulfate.

It 1s evident that the max {mum migratiop of the dye #&o the

_ upper layer‘bfjtne.bed took place in the early stages of

the dryfng'pertod. Later there was only a 1{ittle migration
in either system. The continuous 1n;rease in the concen-
trition of the dye at the surface of the bed sugg%sted that
any bdck diffusfon due to the concentratian 9r{d1ent was
small compared uith the forward flow o solution during
the drying process. This did not agree, thh the: daga for
PVP as rdparted by Ridgnay and aubtnstGWn (27). 1t was
thought that the methad. of Haghid} ﬂ
nrresting dnying at thQ’atqghlf “liquid movqnant caascs.

\,hutq 1tsntf’by diffnaign.. Thn drytna ;’ $ ';13 then

cnrricd\eb cenplntion. Quantit ki ‘of the honcgn,'

~ traston. of anarnnth in bgdﬁ of, Al Y ,rhhlcivl‘ivlflﬁl
."04‘ e Mh

¢
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showed that the concentration of amaraﬁth at -the surface
of the §a1c1um sulfate bed was less than fhat on the surface
“of a lactose bed. The'degrqe to which color migration
occurs in granulations fs said to depend on several factors,
e.g. the water solub{lity of the dye, the drying conditions
under which the granulation is dried, and the excipients
present (4?.42). Therefore, since the solubility of the | L
dye and the drying conditions of the experiment were
constant, it was .concluded that'the'm1grat1on of ﬁhe
émaranth'was a function of the system and, in fact, was
chdr;cteristic of each solid 1nvp]vgd. This argumegt could
be supported by the results shown in Table XXIII, which
showed the ability of calcium sulfate to adsofb amaranth
to a small but measurable extent. This aff1n1£y of calcium
Sulfate or any other substrate tdward the dye of a drug
substance has Been conférmed by.Chaudry and King (28),
Robert E. King (41) and Jaffe and Lippmann (42).

An approach for e;#laining'the m1gﬁationmof amaranth
1n'bothﬂsystams (lnctose_gnd cg)cfum sulfate) could be
reached b} reference’ td 11quid and vaﬁor migration during
the drying proc;ss. First cons1dep what happened in the
upper hatf of the bed. As the moisture content decreased
from 1ts 1n1:1;l valucs corresponding with thosa of consﬁant ‘
and first falling rctn pﬁrtods. wiquid moved to the surf&co
“and avaporatad, A; the noiaturg contgn; further decreased®
to a poiat to corr.gpnnd cm that durins the soannd falling L

LI - .
Ty . ™1
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rate period, 3xapor1zed~in situ. As the

moisture c-ﬁ’ rther. ghe moisture movement

F@om the resﬂlts presented in Figuré 23 a sma]f

~ difference ;as noticed i{n amaranth concentration between
16 and 24 hours at the top of the lactose bed. However,
this increase was very smal] and could be attr1buted to
experimental error,

Now consider the lower half of the bed,’ ' By the time
the cr1t1ca1 point was reached, some liquid had already '
been removed from the base of the bed, probably by capillary
movement.

The concentration of the dye present in this zone
indicated that 1n1t1;lly only a small part of the total
vap6r1zat10n took place here. A

' The uniform but sTow reduction in moisture content
and dye concentrgt1on 1n the lower part of the bed during
thé later stgges 't 3 drying indicated that some capiliary
flow of 1iquid toward the surface J&s taking placa. It was
1n1t1a11y thought that evnporntion was tqking p]ace at a iﬁ :
uhiform rate in. ‘this zone, but this mechanism was rejectgd |
- hecause of the differgncas in tgnparqture (5 - 8°C), between
" tap and bvtten of tha zone nnd the consqqeant differonce;

[

Ap drivins forct for cvnporatinn.‘

¢ N 4 3




[ o SUMMARY

1. Drying conditions under which the experiments were run

were establ{shed.

[

2. 'Temperature distribution curves were established for
both lactose and calfium suifate. From these measure-
ments it was found that theé temperatuﬁe'var1ed to a
greater extent in the calcium sulfate bed than in the

»

lactose bed.

3. Dr}Cng rdte curves were constructed for both systems ,
after drying the beds under constant drying copditions..
No clear distinction between the first and second

falling rate periods was observed.

4. A technique was developed for sectioning the powder bed
by using a lathe mill1ing machine, The developement of
technique helped in the determinatton of the moisture
content and solute migration at different depths of
the bed. ’ o

5. Moigture d1:tr1but19n through the bed at di;ferant
‘,dgpths WAS dntcrnined grav1mhtr1cn11x. These results
,showad thqt cipillnry ngygnant.was the apnrctive machc-

;nisn in thq equy staggs -of drying. It was al1sQ fognﬂ
that .vaporption of water xiﬁ‘pn the bpﬂ was epcratita o
'1n tnc 1nttnr :taaa; of drytng, ﬂasgu;n nt tha &ﬂaT* .
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the bed at different times, simple analysis of the

drying mechgpism was not possible.
' a

A sample.changér’unit integrated with:the sp600
spectrophotometer was used for the quantitative analysis
of the migrated amaranth throujh the bed. The results
showed that migration occurred in both systems in the

[N

early stages of the drying process. It also confirmed

-

the capillary movement at these stages.

~
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