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SUMMARY

Previous analytical selutions of the quasi-steady coupled heat and
mass transfer processes which occur during freeze-drying in an effort to
predict drying rates and drying time have not correlated very well !
with experimen?alldataa Thereforé, the objective of this investigation is
to make a probing theoretical and expeiimeﬂfal investigation of the coupled
heét and mass transfer mechanisms in freeze-drying processes. First,
analyses are sought which will providé more accurate methods for estima-
ting drying rates and drying time under a variety of boundary conditions.
Second, it is desired to establish relationships between the many variables
affecting the drying rates and drying time so as to indicate the mosi fruit-
ful avenues'for possible improvements in the rate of freeze-drying.

In the theoretical analyses an energy equation is developed which

results in a non-linear temperature distribution in the porous dried layer

" and a linear temperature distribution in the frozen layer. The continuity

equation for the flow of rarefied water vapor molecules through the capil;
lary channels in the porous dried layer is based upon the kinetic theory of
gasés. It is shown that both the pressure gradient and the temperature gra-
dient along the capillary channels contfibufe to the mass flux of ?apoi.
Finally, the.ehefgy and continuity equations are'COMbined to provide
"exact solution"'equations for caléulating the interface temperature, pres-
sure distribution,.drying fates, and drying fimé for different drying arrange-
ments and various boundary conditions. |

The "exact solution” indicates that the temperature distribution
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in the dried layer is essentially linear“qu:that the inferface tempera-
ture remains essentiélly constant throughéut fhe freeze drying process,
Also, the interface temperature depends primarily upon the vacuum cham-
ber pressure. An "“approximate solution" gased upon these assumptions
results in closed-form equations for drying fates and drying time whiﬁh
agree substantially with célculations ﬁsing the mére tedious "exact
solution® eduations.

The experimental investigation involvéd a number of 24;hour tests
at congtant vacuum chamber pressure during which the following measure-
ments were made: pressure aistributions in the porous dried layer,
temperature distributions in both the dried and frozeh layers, drying
rate, and drying time. |

Correlation between the actual and theofetical drying rates and
drying time curves is quite satisfaptory for vacuum chamber pressures of
0.5 and'ﬁ torr, but less satisfactory for the 3 torr vacuum chamber pres-
sure,

Both theoretical and experimental "analyses indiqate that theldry-

ing time tends to decrease as the vacuum chamber pressure is reduced and

as the boundary temperatures are increased. It also is shown that the dry-

ing time depends upon the drying arrangement, i.e. whether drying occurs

from one surface only or simultaneously from two surfaces.
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CHAPTER I ' 3
INTRODUCT ION

Generél

Freeze-drying is a process whereby food or_biolégical substances
are frozen and subsequently dehydrated by sublimation of the ice in a
vacuum chamber. Food processed in this mannér is.placed in an air-
tight package and may be stored safely without refrigeration for periods
up to a year. Other advantages of freéze-drying.include.loss of weight
(up to 70%), hiéh_quality of re-hydrated product due to the relatively
small shrinkage, uniform distfibut{on.df the various natural salts |
within the food, and'aQOidance of a scorched taste sometimes associated
with conventionally dehydrated food when heat‘is-supplied'directly to
unfrozen food. ' | | '

The first application cof freeze-drying began in the. 1940's-with
the preservation of biological substances for which the processing time
and costs were not controlling factors. Since World War II attention
has been dirécted toward preserving of food products, particularly
meat, by means of freeze-drying. 1In this application the processing
time and costs obviously are important. Ther§ is, however, surprisingly
iittle information available to permit the prediction of freeze;drying
rates and drying time.

During freeze—dryiﬁg a porous dried layer builds u; which increases

in thickness as drying is continued. Sublimation takes places at the




boundary separating the porous dried layer and the frozen layer which
is referred to as the interface:« The heat required.for sublimation may
be transferred to the top porous dried layer either by radiation or
conduction from a heat source, or it may be conducted through the
bbttom frozen layer, or it may be conducted through both the dried ard
frozen layers to the interface where it brings about éublimation of ice
(frozen meat juices). The sublimation vapor escapes through the

porous dried layer to the surface where it is removéd from the vacuum
chamber. '

Analytical solutions of the quasi-steady coupled heat and mass
transfer processes which occur during freeze-drying in an effort to
predict freeze-drying rates have not correlated very well with exper-
;Ementalldata. This lack of correlation may be attributed to the use
.o% over<simplified mathematicél models, to empirical approaéhes,lto
the scarcity of basic heat and mass transport ﬁropérty data for food
products, and to an incompiete understanding of “the phenomena asso-
ciated with rarefied vapor flow through the capillary-like channeis
in the porous dried layer, Therefore, the objectivé of the present
investigatioh is to overcome these deficiéncies by presenting a. probing
theoretical and experimental investigation of the coupled heat and
mass transfer mechanisms in f;eeze-drying processes, First, analyses
are -sought whidﬁ will provide methods for more adcurate estimates of
freeze-drying rates and drying time under a variety of conditions.
Second, it is desired to establish relationships between the many vari-
ables affecting thé drying rate-ahd'drying time to indicate ihe-most
“fruitful avenues for possible iﬁprovements of the freeze-drying

processes.




Literature
General

A predominant portion of the literature on freeze-drying is con-
cerned with the biological aspects of the technique. A comprehensive
survey of these considerations is contained in tﬂe book editéd by Harris
m.”

Flosdorf 's book (2} is one of the earliest publications on freeée-
drying and is an odtgrowth of his work in deveIOping both laboratory and
production scale }reeze—drying equipment, However, his analyticél treaf-
ment is somewhat superficial and outdated.

 Charm's {3) book is an excellent survey of the various problems
associated with food dehydration in géneral, and freeze-drying in parti-
cular,

Transport Properties

The most fundamental and significant investigation; of the various
transport properties of porous freeze-dried maierials have been those
carried out by Harper and Tappel (4).

The thermal conductivity of gas-filled porous freeze-dried mater-
ials was determined for a variety of rarefied gases and porous freeze-
dried products.;-n semi-empirical equation is develoged by Harper expres-
sing the thermal conductivity of.the gas~filled porous sclid material
as the sum of the individual conductivities of thé}porous s0lid and rare-
fied gas. The contribution of the gas to the compbsite thermal conduc-

tivity is.pressure'dependent and inCreéses'with,pressure up to a certain

* ' ' S
Numbers in parentheses refer to the Bibliography, page 156.

—_——




level, after which it becomes constant and independent of further
increases in pressure.

Harper also conducted.experimental investigations to détermiﬁe 
the permeability of pofous freeze-dried products to the isothermal flow
of rarefied gases under various flow conditions. These experiments made
possible the determination of the mean effective diameter.of the capillary
channels in the porous freeze-dried products. Additional experimental
work was carried out to determine the dielectric properties of both
porous freeze-dried products and frozen ﬁroducts° Finally, the diffu-
sion coefficients for gdéeé f10wiﬁg through porous freeze-dried mater-
ials due to a concentration gradient were measured for a variety of
gases and freeze-dried products.

.Millér and Sunderland (5) determined the thermal conductivit? of
frozen beef and showed that it is temperature dependent, increasing as

the mean temperature of the product is decreased. | Also, Sevick and

' . | ) . . :
Sunderland {6} measured the thermal emissivity of beef fat, and fresh

and freeze-dried beef.
" The saturation pressure-temperature relafionship for subliming
frozen beef currently is under investigation by Dyer and Sunderland (7).

The transport p;opérty data for both porous freeze-dried beef

‘and for frozenibéef*obtainéd from Harper's and Sunderland's investiga-

tions proved. to bg of great value in the analyses made in the p;esent
investigationb | |
Heat.and Mass-Iransfe; Analyses

Harper ahd Tappel (4) present a very comprehensive discussion of

their analytical and experimental investigations on freeze-drying. They;




use a one-dimensional model with heat transferred by radiation to the

- surface of the sample, after which it is conducted downward through the

vapor-filled porous dried layer to the interface where the ice is sub-
limated. The sublimated vapor flows from the interface through the

capillary channels,in the porous dried layer. The vacuum chamber

total pressure is greater than the partial ﬁressure of the water vapor

due to the partial pressure of the air which leaks either controlled or

uncontrolled into the vacuum chamber. They suggest that the vapor flow

can be either hydrodynamic due to a total pressure gradient across the

dried laver, or diffusional flow due to a partial pressure gradient of

the water vapor. Furthermore, under certain conditions, the vapor flow

may be a combination of hydrodynamic¢ and diffusional flow.. The hydro-
dynamic flow is divided into three regimes, continuous (or Poiseuille),
slip (or transition), and free molecule flow. For hydrodynamic flow
Harper and.Tappel set up an expression for the vapor mass flow rate by
making use of a modified form of Darcy's Law to account for slip flow
in which the velocity is.finite at the walls of the capiliary channels.,

The vapor velocity is expressed in terms of total pressure gradient,

- vapor viscosity, a corfection factor to account for slip flow, and a pro-

portionality constant called permeability. The eguation is integrqted
assuming isothermal flow of the vapor through the capillary.channels.
This assumption seems unjustifiable but is considered preferable to the
assumed adiabatic flow process used in the pioneering work of Flosdorf
(2).

Lambert (8) maintains that the energy input to the subliming inter-

face is the controlling_factor in the freeze-drying process, and that the




total vacuum chamber pressure, condenser pressure, and structure of the

. porous dried layer, through their effect on vapor transport, govern the

rYate of vapor flow through the porous dried layer. He sets the vapor
flux equal to the driving forces divided by the sum of the flow reéis-
tances between the interface and condenser, and proceeds to categorize
the driving forces and resistances. His analyses are soméwhat similaf.
to that of Harper and Tappel's (4) but he lumps all of the transport
properties into a flow parameter called ﬁcake conductivity." This sim-
plification, théré?ore, is limited in usefulness and féils to shed
light on- the mécﬁahism involﬁéd in the vapor fléw through fhe porous
dried lavyer. | |

Lambert points Out-that,jinlgenerai, the e§£im§ted interface
temperature'increases with the tot§1 pressure in the vacuﬁm chamber, and
that the saturﬁtion téﬁﬁerafﬁfe af bﬁie"ﬁéter ice corresponding to the
total pressure in the vacuum chamber provides a lowerllimit for the
inferface temperature, He alsd suggests that at a given sublimation
temperature the vépoIr pressure for subliminé_ food products may be lower
than the corresponding vaﬁor pressure for pdre water ice due.to the
dissolved salts..

Bannister (9) takes a fundamental appfoach to the problem of
vapor flow in freeze-drying, He develops a model in which fhé porous
dried layer is pictured as a bundle of capillary tubes oriented parallel
to the direction of vapor flow. Heat first is rédiated to the top sur-
face of the product and then conducted downward through the vapor-filled
borous dried layer. 'Equations are developed for the vapor mass flow rate

starting with the basic Peiseullle laminar flow equations this is followed




by equations for free molecule flow and transition flow of rarefied

gases flowing under isothermal. conditions. The temperature of the

vapor actually must increase as it flows through the porous dried layer

~because of the temperature gradient due to the difference between the
“interface and top surface temperatures, Thus Bannister's analyses are

somewhat inconsistent since the flow equations are derived for isothermal

conditions. The temperature distribution in the porous dried layér is
aséumed-to be linear; and the energy and continuity equations are com-
bined to give expreséions for the drying time for continuous, tranéitioﬁ,
and.free molecule flow. Unfortunately, no criteria are inen for selec-
ting the appropriate drying time equation to be used -for given boundary
conditions during.freeze'drying, and no provision is made for determining
the interface pressure and temperature which appear in the equations.
Banniste: suggests that additional experimental work is needed in order
to establish the various flow regimes which occur during freeze-drying.
As in Harper and Tappel's more simplified analyses; Bannister’s analyses
show that the total drying time is proportional to the square of the
product thickness.

A satisfactory energy equation is developed by Koumoutscs and
Sunderland (10) for the porous dried layer, invo1v1ng the heat conducted
through the dried léyer to the interface and the sublimated vapor flow-
ing in the opposite direction. This equation consiaers both the latent
heat of sublimatioh at the interface and the superheéting of the vapor
as it flows through the porous dried layer. This results in a non-linear
temperature distribution. The eduations developed for the flﬁw of vapor

through the porous dried layer are similar to those developed by




Bannister. The energy and continuity equatibns are combined and inte-
grated, making ceftain questionable simplifyihg assumptions{ to give
the total drying time which is proportional to the sduare of the pro-
duct thickness. As in Bannister's analyses, no criteria are given for
selecting the appropriate drying time equation to be used for given
boundary conditions during freeze.dr§iﬁg; and nolprbvisipn is made for
determining the interface pressure and temperature which appear in the
equations. . Finaliy,_the bottom f¥ozen layer is_aéﬁuﬂgd to be adiabatic
with zero temperature gradient. Thié assumption does not seem to be
_realiétic in light of the expérimental observations made in the present
investigafioh.

A number of'interesting.exﬁeriments on freeze'drfing of vafious
matérials_were made by Kessler (11). The témpenature.distribuﬁions
were meésureﬂ during-freeze-dryingﬂénd_it was observed that the inter-
face temperature remained essentially qonstantaihroﬁghoutfthe proceﬁs.
This same observation was made by Hétcﬁer (12). The theoretical analyses
which are develqpéd-in the present investigation provide an explanation
of this_phehoménonﬁ.and the éssentially constant behavior of the inter-
fapggtemperature fornms the basis for the drying rate and drying time_equa-

tions developed for the so-called approximate solution. Kessler sets up

a valid differential energy equation for the subliming interface but

does not iﬁtegraté it. The flow equation used is siﬁilar to Darcy's
law but does not consider the possibility of either free molécule or
transition flow. "

As préviou51y mentioned, Harge;.shows that the thermal conduc-

tivity of the composite vépor-filled porous dried layer increases with




pressure up to a certain level and.then remains,coﬁstant. It was
observed by Harper that the interface temperature ih maﬁy actual freeze
dryiﬁg operations may be as low as OSF or less, which is considerably
below the level required to protect product quality. The low interface
temperature is attributed to the high insulating effect of the porous

dried layer. As a result of this reasoning the theory is advanced that

a higher vacuum chamber pressure would increase the drying rate by increas-

ing the thermal conductivity of the composite vapor-filled porous dried
llayer. The increase in masé fi@w rate of vapor would require a higher
differential pressure betﬁeen-the interche'and vacuum chamber which,
when added té the already higher vacuum chamber pressure, would increase
the interface pressure and correspondiﬁg saturation temperature. This
would tend to reduce the heat flux because of the reduced temperature
gradient; however; Harper suggesté.that.an optimuﬁ vacuum chamber could
bé determined which would result in a maximum_drying rate. His calcul;-
tions indicate that the optimum vacuum chamber pressure ﬁould occur at
approximately six torr, but obviously this is greater than the triple-
point pressure of frozen pure water.. Therefore, it is suggested that
perhéps a vacuum chamber pressure only slightly less than the triplé-
péint preésuielof.4.58 torr would be optimum and would also prévent
thawing of the product. This higher vacuum chamber_pressﬁre could be
easily provided by'bleeding air or other inert gases into the system.

It is net ﬁlear.if thése célculafions are based on the isothermal flow
equatidns and if'heat flux through the frozen bottom layer is taken into
account.

The theoretical analyses developed in the present investigation

B
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indicate that, even when considering the increase of the thermal conduc-

tivity with a higher vacuum chamber pressure, a' lower vacuum chamber
pressure would, in fact, result in an ifncrease in drying rate. This

is true because of two factors ﬁhich more than offset the reduction in

‘thermal conductivity which would result with a lower vacuum chamber

pressure,' First, a lower vacuum chamber pressure will reduce the inter-
face pressure and corresponding saturation interface temperature which
will increase the temperature gradient in the quous dried layer; and

secondly, the lower interface temperatufe will increase.both the temper-

ature gradient and thermal conductivity in the frozen hottom layer. The

" net effect of all these factors will be to increase the heat fluxes and

the drying rate. Also, it may be poiﬁted-out that the interface temper-
ature is established primarily by the vacuum chamber pressure level
because éf its effect on interface pressurej and, therefore, the rela-
tively lo; interface temperature is little affected by the high insula-
ting effect of the porous dried layer. Experimental observations
carried out in thé present investigation tend to confirm thé general

validity of the theoretical analyses developed herein.
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CHAPTER 11
THEQRETICAL ANALYSES

Genéral

The theoretical analyses of freéée-dfyihg fnvolves the derivation
of the energy and continuity equations and their simultaneous solution
in order to deterﬁine.the interface temperature. With the interface
tempefature established, equations are derived for both the drying rates
and the drying time as a_function of the dimensionless dried layer.thick-
ness,

All traﬁsport propertieg which are pressure and/or temperature
dependent are evaluated at the vacuum chamber pressure and mean tempera-
tures respectively. Thus, for a given vacuum chamber:p;essure and fixed
boundary temperatures, all transport properties qre.treated as constants.

The energy and continuity equations are dérived on the basis of
one-dimensional and ﬁuasi-steady flow conditions. This implies that
both the heat and mass fluxes are zero except in the x~directidn,-that
both the heat and mass:fluxes are steady over any short interval of time,
that the change in stored energy in both the dried layer and frozen
laygr ié small compared with the energy absorbed by the frozen meat
juices upon sublimation, and that the mass fluxes of sublimated vapor
entering and leaving the porous dried iayer are equal.

Figure 1(a) shows a typical freeze-drying afrangement used in

the present investigation. A radiant plate-type electric heater provides
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a radiation heat flux to the free suiface of the.samplé, x = 0, while
the bottom of the sample, x = {, rests on a support through which a
¢gonduction heat flux flows to the bottom of the sample. A vapor barrier
restrains the sublimated vapor so that it flows'only in the negative
x-direction. Fiberglass insulation is placed around the edges of the
;ample to minimize the radial heat flux,

The plane separating the poious dried iafer and the frozen layer
is referred to as the interface, and its position is time dependent as
it moves in the positive x-direction through the sample. The heat of
sublimation is provided both by the radiant he;t flux from the heater

to the free surface and hence by conduction through the vapor-filled

porous dried layer in the positive x-direction to the interface, and

the conduction heat flux through the bottom of the sample in the negative |

x-direction to'the interface.

Energy Equation

In order to derive the energy equation, an energy balance for
quasi-steady flow conditions is made for a control volume in the porous
dried layer having a cross-sectional area A and thickness Ax. The
control volume consists of porous sclid material and sublimated vapor
flowing through the capillaiy channels in the negative x-direction. It
is assumed that at all points within the control volume the vapor and
s0lid which are in contact with each other are at the same temperature.
Referring to Figure 1(b), the heat conducted past positions- x and

x + Ax are given by the following equations
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- koA =] ' {2)

| x + &x

The energy transferred to the contrel volume due to the enthalpy
of the sublimated vapor flowing past positions x and x + 4x are

given by the following equations

WACT (3)
WACT | L A _ (4)

An. expression for the rate of accumulation of energy within the

control volume is

pD p A ax 3t (5)

The law of conservation of energy applied to the control volumé

requires

flowing out flowing in accumulation (6)

[Rate of energy} [Rate of energy] ) Rate of energy
‘Lin control volume

Substituting equations (1),(2),(3),(4), and (5) into equation

} + WeA [T[-x + Ax = ﬂx]

PpCD. A Ax Bt] | (7

{6) gives the following

aT
wE

[= Tl
%=

X + 4x

#*
Symbols are defined on p. xiii.

TR T L AT T e T 5
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Dividing equation (7) by A& x, and recognizing that for quasi-

steady flow conditions aT/at = 0, results in the following equation
.o

a1 ] o }

2] ]

‘kd' X +Ax x--—ﬁc X +AX x) o (8)
Ax Ax

If ‘the lim Ax =» O is taken for equation (8) and :E is set:eﬁual

to ﬁc/kD, the differential energy eQuation is obtained. The partial
derivative notation is no longer necessafy'because.the temperature

depends only on the single variable x,

dzl‘

EI = 0 for © < x<b% {9)
dx . o . :

In order to 6btain the necessary boundary_cohditions for équation
{9), an energy balance at the interface x =5 is made by equating the
rate of latent heat of sublimation to the total conduction heat fluxes
through both the driéd and frozen layers. Designating theJtemperature
at any point in the frozen layer b? T', the interface energy balanpe

can be written

. dT | dT"'
wL = k., — - k. =— (10)
Ddx|, ., ~ F dx |,y |

At the interface x =& 1let the heat flux Fqnducted through the

porous dried 1a§er, expressed as the fraction of the total heat flux

. conducted through both the dried and frozen layers, be defined as the

heat flux ratio and designated by f. Thus,
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;= heat flux conducted through the dried layer _

total heat flux conducted through dried and frozen layers =3 (11)

The heat flux ratio f is given by the following equation in terms

of the temperature gradients in the dried and frozen layers

dT
. l“'D dx <=3
f = gt a1 (12)
D dx - °F dx _
x=3 x=b

Substituting equation (10) into equation (12) gives the following

additional expression for the heat flux ratio

(13)

Equation (13} provides one of the necessary boundary conditions
for the sdlption of the differential energy equation (9), The boundafy

conditions are

T=T, at x =20 | (14)
df =k a x-s - (19)
x=b D

It is shown later that the heat flux ratio f is a function of
the interface position, which is a function of the drying time.
At the interface the dried and frozen layers have a common temper-

ature. Thus,
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T=T, =T' at x=2% (16)

Applying boundary conditions {14) and {15) in the solution of
the differential energy equation (9) results in the following equation

for the temperature distribution in the porcus dried layer

fL

T(x) = T, + exp (-Bd)(exp(Bx) -1) for 0 < x=38 (17}

The following equation for the mass flux of vapor is obtained by

substituting equation (16) into equation (17) and rearranging.

k
. . D, e
- ﬁ = 60_1n [fL (TO - Tb) + 1] for 0< x<% {18)

If it is assumed that the energy equation is quasi-steady and the
thermal conductivify is constant in the frozen layer, the temperature
gradient will be linear. The resulting temperature distribution in the.

frozen layer is easily obtained and is given by the following equation

T(x) = Ty - (TB"Tb) [%—E—g] for & < x ¢ I3 (19)

- Both the temperature distribution equation {17) and mass flux
equation {(18) for the dried:poroué laye£ will be used subsequently, with
the continuity equation for the mass flux of vapor'tﬁrough the capillary
channels of the porous dried layer, in order to derive a combined energy-
continuity equation. Figure 2 shows a schematic temperature distribution

curve for both the dried and frozen layers.
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Vapor Barrier

Figure 2, Schematic Temperature Distribution Curve,
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Transition Flow

General

The model used to develop the continuity equation can be visualized -

as a bundle of long capillary channefs oriented parallel to the direc-
tion of vapor flow. |

The type of flow in the capi;Iary channels depends upon the Qegree
to which the vapor is rarefied. The_flow is free-molecule for highly
rarefied gases. In this type of flow viscosity does not play a role.
For more dense gases the flow is Poiseuille flow for laminar conditions,
with the well-known parabolic velocity distribution and zero wall velo-
city. For gases which are only moderately rarefied the flow is known as
transition flow, in which there is a finite veiocity at the wall due to
the "slip flow" of molecules along the wall. In this type of flow vis-
cosity also plays a frole°

The pafticular.type of flow dépends upon the ratio of the mean-free

path of the vapor molecules to the capillary diameter which is known as

the Knudsen number,

Ky =&

A = mean-free path of molecules

d

capillary diameter

The type of flow for different ranges of the Knudsen number is

given by the following




2< KN .01 Free-mclecule flow
0L <K <2  Transition flow
Kﬁ <01 Poiseuille flow

Continuity Eguation R

‘For most freeze-drying operating conditions
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the vapor flow will

occur in the transition flow regime; therefore, equations will be devel-

oped first for thié type of flow.

The mass flow rate.of raiefied vapor throug
tube subjected to both a pressure gradient and a t
given by the following differential equation deriv

considerations (13)

m

8u RT dx 4 T S dx

a = capillary radius
R = gas constant
w = absolute viscosity

. -f ! :
£ =20 oy
f' = transfer ratio for momentum
2¢' = 1.0, a constant

o= - (1 +4€/a)1ta4p’g2+§ﬂ:.a gcp._”.ﬂ

h a long capillary
emperature gradient is

ed from Kinetic Theory

(20)

Kennard (13) shows that in the case .of transition flow of gas

through a long capillary tube subjected to both a pressure gradient and

a temperature gradieht that f' =1 for vapor mol?cules reflected dif-

fusely from the capillary walls. Therefore, from f

it- follows that & = A. Since &£/a = 22/d, it is

the definition of &,

obvious that the
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followihg relationship between £ and the Knudsen number is valid

Ky = £/2a - (21)

The mass flow rate per unit area of the porous dried layer and

the porosity are related to the number of capillary tubes per unit area

by the following equations

Ea
i}
=

=

(22)
P=mna‘n {23)

where

n = number of capillary tubés per
unit area of the dried layer
Substituting equations (21), (22}, and (23) into equation (20)
gives the following relationship for the mass flow rate ¢f sublimated

vapor per unit area of the porous dried layer

’ [(1 + 8K) 4 p
W= =

g _p - -
dp . 3 Z¢” dT : X
T dx+4 T dx]p for 0¢ x< % {24)

Rearranging, and recognizing that the temperature depends only on x,

_ esk) a®p , |
wT(x) dx = - AT dp + 3 gc_.p.d'l' P for 0<x<3s (25)

Equatioh (25) involves only the variables x; pressure, and temperature,
becausg time is held fixed during its integration, thus fixing the posi-

tion of the interface 3. This fixes the mass flux of vapor w, so that
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it becomes independent of x while the integration of equation (25)
is performed. Refer to equation (18) for the mass flux of sublimated
vapor.

for the isothermal transition flow of vapor through a long
capillary tube subjected only to a pressure gradient, Equétion (25j

reduces to the following.

-(1+8KN)Pd2pd

o AT g for dT/dx = 0 (26)

1

0< x<%

Equation (26) is convenient to use in the investigation of such trans-
port properties asﬂmean capillary diameter of the flow chann?Lé'in the
porous dried layer and the permeability of porous media to the isofﬁéf;"
mal flow of rarefied Qases. Harper {4) made use of this equation in hié
experimental work involving the isothermal flow of rarefied water vapor
through freeze-dried materials. |

Combined Energy and Continuity Equations

The first two terms on the left-hand side of equation (29) can be
replaced by the mass flow rate equation (18) and thé temperature distri-
bution equation (17 respectively, both of which are obtained from the
differential energy equation. This substitution, thérefo:e, results in
the following combined energy-continuity. differential equation fof

transitional flow

k .
1 D _ ¢
e In [ﬁ: (To 'Tb) +l] [To +-cL exp (-pd)(exp (Bx) - 1)] dx
2 .
(1+8K) d° p \ |
= 321 R dp - 7 gc-'“_" P for 0<x<& (27)




The boundary conditions are

P =P, and T = To at x =0 (28)

p=p, and T =T, at x =3 (29)
Integrating equation (27) and applying boundary conditions {(28)
and (29) results in the following combined énergy-continuity equation

in terms of the heat flux ratio f and the interface pressure and

temperature

ky 1n [ﬁ_- (T, &1 )+1] (1, -5 v mr_ -1,) -n(pZ-p2) =0 (30)

for 0 ¢ x'g 3

where
Kn o |
. .D_3 =
M=-—-2Pag n {(31)
2 . _
Pd (1+8N)
N = (32)

64 R

At the subliming interface x = & the saturation pressure and
temperature for a pure substance are related by the Clapeyron equa-

#*
tion

L
aT ~ T v.<v) (33)

# ' '
For derivation refer to any standard Thermodynamics book.
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“WhRer v
here p

specific volume of saturated vapor -

v

< specific volume of saturated solid

Using'theJideal gas equation of state vg = Rt/p,‘ and recognizing'

that v_=® 0, equation (33) may be rewritten

. Le - | (34)

T gy

The boundary conditions are | :
T=T at p=p, : (35)
T = Tb at p=p, ' (36)

where

P, = &n arbitrary saturation reference
pressure
'1'r = saturation temperature corresponding

t0 the reference pressure

Integrating the Clayperon equation, realizing that L #~ con-
stant, and applying boundary conditions (35) and (36) gives the fol-

lowing equation relating the interface saturation pressure and tempef-

ature

o
o
n

.C exp(-L/RT) ' (37)

where

o]
1

P, exp(L/RTr), a constant - {z8)
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In the case of frozen meat juices, the saturation pfessure-
temperature relationship may be different from that for pure water ice,
Therefore, the saturation pressure-temperature relationship for sublim-
ing frozen meat jhices may be determiné& experimentally to give a rela-

tionship of the following form
P, =P, (T,) {39)

Substitution of either equation (37) or equation (39) into the
combined energy-continuity equation (30) eliminates the interface satura-
tion prgssﬁre and results in dlbamﬁined enefgy;continuity equation in
terms of the interface.saturation temperature and heat -flux ratio f.

Thus,
?(T,, £) =0 - | (40)

Exqct solutions to equatibn (40) can be obtained. These solutions
give values of the interface temperaturé_correspﬁnding to various con- |
stant values of the heat flux ratio which will simultaneously-satisf?
both the energy and continuity equations. A digital computer program
based upon Newton's method was written to solve equation (40) using both
the integrated Clapeyrqn equation for frozen pure water and experimental
data relating thé_5ubliming saturation pressure and temperature for
frozen meat juices. The results of these calculations appear in the

section on Results of Theoretical Analyses for Transition Flow.

Dimensionless Temperature Distribution

It is easy to rearrange the temperature distribution equation (17)

into the following dimensionless temperature distribution equation in
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terms of the heat flux ratio and interface temperature

* *
T =-=1-5[1-exp(VK)] for 0< x <3 (41)
o *
0<X <1
where
T
~ 3, fL
S=1 -2+
o o
- - £ (T -
V= 1n[fL('r0 'rb)+1]
#
X = x/8, dimensionless distance in dried layer

Dimengionless Pressure Distribution

The combined energy-continuity equation (40) can be rearranged
to give the following dimensionless pressure distribution équation in

terms_of the heat flux ratio and dimensionless temperature

. i “11/2
#* . ® *® %

S T D S - L -
Pt | [T M1 -1) + 0 - 1 )]+ (42)

A
o

for 0 < x

¢

[ AN
-
[FAN
—

where

kD c
K_=~—C-1n[;f-i-(To-Tb)+1]

Free-Molecule Flow

Continuity Egggfion

In the free-molecule regime the following differential equation

for the mass flow rate of rarefied: vapor in a 1ohg:c#ﬁlla:y'tube subjected




J—

27

to both a pressure gradient and a temperature gradient is derived from

Kinetic Theory considerations (13)

vt Fa e

¢ = p/1/?

where

As mentioned in the section on transition flow; the mass flow
rate per unit area of the dried layer and the porosity are both related
to the number of cabillary'tubes-per unit area of the'dried laye;'by
equétions (22} and (23) respectively. Therefore, when these two equa-
tions are substituted into equation (43), the following expression is

obtained for the mass flux of sublimated vapor

+ 2 2 I
wdx=-§ - P dd(g) _ (44)

Equation (44) involves only the variables x and ¥ because -
time is held fixed during its integration, thus fixing the position of
the inferface .6. This fixes the mass flux of vapor W so that it
becomes independent of "x while the integration of equation (44) is
performed., Refer to equation (18) for the mass flux of'vapor. The -

boundary conditions are
{ =g at x=0 (45)

L= Cb at x=3% (46)
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Following the prodedhre used for trensition flow, the mass flux
of vapor. equatlon (18) derived from the differential energy equation,

is substltuted into equation (44) to give the follow1ng comblned energym'

~ continuity differential equation

2 [ & (1, - T,) +1] dx = M* d(Q) - (a7)

O =

where

Integrating equation (47) and applying boundary conditions (45)

and (46) results in the following combined energy-continuity equation

k P P, .
D . ___C - - ' 5 - 0 =
= 1n [f.L Ty = Ty) +1} - nuv il ve 0  (48)
_ o _

As previously mentioned, the saturation pressﬁre and temperafure

at the interface are related by the Clapeyron equation for a pure sub-

"stance., For frozen meat Juices the saturation pressure-temperature relas -

tionship during sublimation may be determined experimentally to give a
relationship of the form: p, = pb(Tb)'

Combined Energy and Continuity Equations

By substituting the appropriate relationship for the interface
saturation pressure in terms of the interface temperature'idte equa~
tion (48) the combined energy-continuity equation can be expressed in

the following form
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' (£, T,) =0 - (49)

As previously mentioned, equation (49) can be solved to give
exact values of the interface temperature corresponding to various
constant values of the heat flux ratio f.

Dimensionless Témperature Distribution

The dimensionless temperature distribution for the dried porous
layer is the same as for transition flow and is given by equation (41).

Dimensionless Pressure Distribution

The combined energy-continuity equatlon can be rearranged to g1ve

the dlmensionless pressure distribution equation (50) in terms of the
heat flux ratio and dimensionless temperature. It is interesting to
note that this equétion is different from the dimensionless pressure

distribution equation (42)§obtained for transition flow. .

. , ) k _ | p o
p él _ p céf* [fL ( =T )+1] +«fr- E
. 0

(50)
o}

for 0< x<3%

0 < X <1

Exéct Sclution for.Transition Flow

Dryving Rate Equations

As previously explained, equation (40) can be used to deter-
mine the interface temperature corresponding to the various constant
values of the heat flux ratie f. These temperatﬁres will simultane-
ously satisfy both the enefdy and continuityleqﬁations and can be used

with equation (51) to determine the drying rate. Equation (51) is a

e e
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slightly modified form of equatioh {18) for the mass flux of vabor which

was obtained from the differential energy equation.

k : .
=X D s r -
il In [ﬂ_ (To Tb)+l] (51)
where
z =5/ the dimensionless dried
\ _ layer thickness

n
Equatidn {51) can be used to calculate the drying rate provided

a relationship can be found between 2z and f. Therefore, this rela-

tionship will next be derived. An energy balance at the interface is

made by equating the rate of latent heat of sublimation to the bombined'

heat fluxes conducted to the interface through both the dried and frozen

layers. Thus, -

T* '
u'vL=kDg—£ kF%— at x=% - (52)
x=8 x=%
rearranging,
ar a1’
kp dx =B kF dx =5
] = Ll - _ {53)
wl wLl

Substituting equation (13) for the heat flux ratio into eqﬁation (53)

gives the feollowing relationship

1 -f = (54)
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As previously mentioned, if it is assumed that the heat flow is
" quasi-steady and the thermal conductivity is constant in the frozen

layer, the temperature gradient will be linear and can be written

T, - T T, - T
dT' _ B 5 B b,
ar cTTe C oy for 2<xgt (%5)

Substituting equation (55) into equation (54) gives

- ko (T, - T,)

F( B _
L (1-z)wL

1 -f = (56)

Substituting equation (51) for the mass flux of vapor into equa-

tion (56) gives

_ k. (T, - T,)
1-2z= - | (57)
D £ .
(1-£) —==In 7 (T, -T,) + 1]
Thus by setting
. kg (T, - T,)
L k '

(1-£) =21 [S (1, - T,) +1]

the following equation relating the heat flux ratio and dimensionless

dried layer thickness is obtained

1 .
Z:*7 7D . (58)

The Effect of Restricted Bottom Drying

Experimental evidence indicates that after the subliming inter-

face has penetrated the sample some distance the sample begins to
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partially dry at the bottom an& around the edges even though a vapor
barrier covers the bottom and sides of the sample. The formation of a
dried layer on the bottom, unfortunately, acts as an excellent thermal
insulator which reduces the heat flux through the bottom and thus
reduces fhe drying rate.

To take the phenomenon of restricted bottom drying“into account
the heat flux through the combined frozen layer and bottom dried layer
is calculated by using an overall heat trans%er coefficient for the com;
bined layers, designated by U. It is assumed that the bottom Iayef
rémains frozen in fhe early stages of freeze-drying; however, when the
interface reaches some critical value, designatéd z_, it is assumed
that the bottom layer gradually begins to dry and contihuously increases
in thickness for the remainder of the freeze-drying process. Thi§ will
cause the overall heat transfer coefficient to decrease until the
sample is completely dried, It is obvious that as the thickness of ‘the
frozen layer approaﬁhes zero (i.e. as z —> 1) the overall heat f:ans-
fer coefficient U. must approach the thermal conductivity 6f'the porous
dried layer. Thus the overall héat transfer coefficient U must
satisfy thé following conditiong

1, For the upper limit of U, U=k, for 0L zZ 2z,

F
2, For the lower limit of U, U->k, as z —>1
Assuming a linear variation of the overall heat transfer coeffi-
cient U with the dimensionless dried layér thickness -z, equation

{59) is obtained for U which satisfies conditions 1 and 2 above.

Details of the derivation are given in Appendix A.

ISR
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U=a + blz for 2z, <z¢ 1 _ (99)
where
z (k. ~-k.)
¢ F "D
STl e e (60)
¢
(k. - k)
e o —E_ D
by = - —7— Z, (61)

Bottom Dried Layer Thickness

It is interesting to determine the relationship between the bottom
and top dimensionless dried layers which occurs if the overall heat
transfer coefficient U varies linearly as given by equation (59).
Details of the derivation of equation (62) are given in Appendix B.

ke (1 -zl)

z, = |=——=—— - 1| ——— for z <zK1 (62}
2 a, + blz1 a, c

where

ke - K

Ay = kpy

z) =‘61/£ top dimensionless dried layer thickness

2, = 52/£ bottom dimensionless dried layer thickness.
3= bottom dried layer thickness

A plot of equation (62} is shown in Figure 47 whiéh indicates that
the bottom dimensionless dried layer 2, increases approximately linearly

with the top dimensionless dried layer Zy for zy 2 z, and reaches a
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maximum value of approximately 0.025. Thus only a relatively thin
bottom dried layer substantially-reduces the overall heét transfer
coefficient U. This reduces the heat flux through the bottom and
lengthens the drying time.

The semi-empirical derivation of equation (59) for the overall
heat transfer coefficient requires that the critical value of 2z be
estimated. The critical value of z will depend.ﬁpon a number of
factors such as the bbttom.sﬁrfabe temperéture -TB. At prgseht no
rigorous scheme is available for célculating z.3 however, QXperimental.
observations indicate that a gbdd estimate for thé critical vélue of
z will be in the range 0.2 <z < 0.3. A value of z =0,2 is assumed
in all calculations which follow.

The Effect of Restricted Bottom Drying Upon_the Relg;ionship Between

the Heat Flux Ratio and the Top Dimensionless Dried Layer

The effect of restricted bottom drying upon the relationship between
the heat flux ratio. f and the top dimens%onlegs dried 1aye{ zy is
obtained by substituting equation {59) for the overall heat transfer
coefficient into equation {57) in place of the thermal conductivity of

the frozen lavyer kF whenever z, < z< 1. This gives the following

equation relating f and z,
(a, +b.z.) (T,-T,)
1-2, = ! 11 B b for z <zl (64)

1 Lk, .
(1-1) e In [-f-f (TO-T6)+1]

Thus, the relationship between 'z, and f can be written

1
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- (a3 +1) + [(a:3 + 1)2 +'4b3-]2 :
z) === 7, for z < z<1 (65)
where
_ al('rB -'.rb)
a, = - (66)
3 L kpy c
(1-f) = 1n [FE(To -Tb) + 1]
by (T -T,)
B '1'°B " 'y
by = Lk (67)

(1 -1) —-;:-'-J- In (&1, -T;) +1]

Calculation Procedure

Calculations for the exact ﬁolﬁtioh dfying rates are made using
the following general procedures:

| 1. Use equation (40) to determine the interface temperatures
corresponding to the.various assigned constant values of the heatlflux
ratio f. |

2, For 0< z¢ z, Use equation (58j to determine the position
of the interfacé z) corresponding to the various assignéd constant
values of the heat flux ratie. f. .

3.. For z, £z<£1, use equation {65) to determine the poéition
of the interface 2 -corresponding to the various assigned constant
values of the heat flux ratio f. -

4, Fipally, with éhe.ih¢erface tempérétures ahé the values of
2, 'corregponding to the peat flux ratio f determined, _u#e equation

(51) to calculate the drying rates.

Drying Time Equations

The drying rate equation (51) will now be used in the derivation




of an equation for the drying time., A mass balance at the interface

can be written

- w="Pp 7 =ppd 5% at x =28 (68)

The term dd/dt will be recognized as the velocity of the moving inter-
‘ face. The right-hand side of ‘equation (68) represents the mass rate of
| sublimation of the ice and the left-hand side represémts the mass flux

of the resulting vapor which must flow through the capillary channels

of the borous dried layer t§ the free surféce where it is removed from

the system., The negative sign indicatés that the vépor flow and inter~

.face velocity are in opposite di:ectiﬁhs;

‘Upon substituting equation (51) for the mass flux of vapor into

equation (68) the following differential equation_for drying time is

obtained
1 kD" c Ny oy dz
oo In -[ﬁ- (T-O—Tb) +1] = Pp ‘E'ﬁ' (69)
rearranging,.
. dt = F - -z dz (70)
In [ (T, -T,) +1]
where

It is shown in equation (40) that for fixed boundary, conditions, the inter-

face tempefature is a fuhction of the heat flux ratio f. Equations (58)
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and (65) show tha{ the heat flux ratio f is a function of the dimen;-
sionless dried layer thiékness z; therefore, it follows that both the
heat flux ratio f and the interface temperature T, depend‘on}y'upon
the dimensionless dried layer thickness z. This permits equation

(7@) for the drying time to be integrated, subject to the following

boundary conditions

220 at t=0 ° (71)

z =1 at t = t; total drying time (72)
‘thus-,
.z=1

. = F oz d - (73)
tT . Iz=0 1n[?gi('1'° -Tb) + 1] ’ :

Equatidh (73) can be numerically integrated to give the drying

time corresponding to any upper limit of z wup to z = 1.

Approximate Solution for Transition Flow

Drying Rate Equations

The drying rate equations developed for the exact solution require
that the interface temperatures be determined by a numerical solution of
the combined enérgg:qonfinuity equation {40). However, it may be observed

from these calculations that the interface temperature remains nearly

constant over the range of heat flux ratio 0,1 { f <1 and i$ essentially

" independent of both the heat flux ratio f and the ppsition of the inter-

face corresponding to the dimensionless dried layer thickness z. Also,

it may be further noted that the interface temperatufe is established
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primarily by the vacuum chamber préssﬂre and.can be estimated quite

accurately by the following relationship

T, = Tsat. < {74)
where
T = saturation temperature of vapor
sat. .
corresponding to the vacuum
chamber pressure
¢y = an empirical constant

The method used to evaluate the empirical constant. o is given
in Appéndii E. Vaiues_of ¢, are onlf slightlf.greatér than 1.0 and’
are given in Table 4 of Appendix F.

The approximate solution gquatidns which are.derived for the dry-
ing rate and drying time are based upon the following approximations:

l. The interface temperatufe remains constant for all values
of the heat flux ratio f and for all values of the dimensionless dried
layer thickness Z, |

2. The temperature gradient in the dried layer is limear and is

given by the following equation

Tax - T 8 T Tz - (75)

3. The temperature gradient in the frozen layer is linear and

is given by the following equation

arr BTy Tg-T4

Krlie e ki 1605 - e
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. Using approximations 1, 2, and 3, an energy balance for the
entire sample considered as a control volume can be expressed by the

following equation

kp{Tq = Ty) . kp(Tp - Ty)

z 1l -2

- w[L + c('r0 'Ta)] = i [ (77

Rearranging, the mass flux of vapor can be written as a function of 2

. 1 la-+clz. 1 X2(z)
- W(z) = If7'[2(1 -z)]

=y IT for 0SSz (78)
where |

Lt =L 40T, -T) )

| € = b - a o - (80)

* Rl T) - (81)

b= ke(Ty - T,) . - (82)

X,{z) =g + <2 | | | (83) -

The Effect of Restricted Bottom Drying on the Drying Rate

As previously explained, after an initial period of drying the
bottom and sides of the sample begin to partially dry. This reduces the
overallnheét transfer coefficient U  with a_cqrresponding reduction in
the heat flux through the bottom of the sample'and the drying rate. To
take this phenomenon into acpouht, equation'(§9) for the overall heat
transfer coefficient U ié substituted into equation (77) in place of

the thermal conductivity of the frozen layer k -Thus;.the mass flux

F‘




40

of vapor can be written in terms of the dimensionless dried layer thick-
neéss z as before, but now it will account for the effect of restricted

bottom drying

a. +b.z .
. | a 2 2

- = i [z + =T ] for z, < z <1 (84)

This can be written

.1 X3t -
BT &3y g waes L NS S 4 (85)
where
X.{(z) =a+c,z+Dh 22 | ' - (86)
3 2 2 - _

a, = a'-l(TB - Tb) (87)
b2 = bl(TB - Tb) {88)
¢p=ay-a (89)

Drying Time Equations

As explained in-thg_deiivation of the exact solution drying time
equation, a mass_balance-af the interface can be expressed by the follow-

ing differential equation:

=N =W
Al

-w=Ppk at x =3 : (s0)

Substituting equation (78) for the mass flux of vapor into equa-

tion (90) gives the following differential equation for dryihg time
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2
z

dt = Pp;[g LY [Xz?'z) - }(2(2) ]d'z for 0< z < z, (91)

The boundary condition is
2=0 at t=0 (92)

Integrating equation (91) and applying boundary condition (92)
i gives the following expression for the drying time as a function of

the dimensionlegs.dried layer thickness z

t(z) = P p"f,z Kz(z) ' for 0< 2Kz, (93}
! |
II! where i
B :
E:i . 1 C1222 . . : °12 ‘ _
i 'K2(z) = (-:-3— bclz, - = ﬁﬁale‘.&%ﬁq,) In {1 + - ) {94)
? 1 :

The drying time i‘equire.d te dry to the critical value of 2z can

be calculated by evaluating eguation {93) for 2z =2z Thus,

¢’

t(zc) =Pp 2L Kz(zc) for z'= z, (95)

Next, an equation is derived for the drying time beyond the
critical value of 2 up to complete drying at 2z = 1. Equation (8%)
for the mass flux of vapor is substituted into equation ($0) to give

the following differential equation for' thé drying time

!
i
i

2 .
_ 2 z__ .2 .
dt = P P ‘t L [xa(z) XS(Z)—] dz for zc s z S 1 (96)

-~
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The boundary condition is

t=t at z =z, (97)

Integrating equation (96) and applying boundary condition (97)
gives the followiﬁg expression for the drying time as a function of

the Qimensionless dried layer thickness =z

t(z) = Pplo L [Ky(x) +Ky(2)] for z <zg1 (98)
where
| 2 o oy
_bytey X4{z) 23b, - (¢, + cby) y(z) - lz3)
- Kylz) = 7 1n + 2 Y&y~ B

- 1
2b3 x3(zc) 2b;, q ¢ .2 N
r {99)

2b.z + ¢, - g'

2 2

¥Y(z) = mrfeme—t—— (100}

2b2z + 2 + q

.2 1/2 |

q' = [02 - 4ab2] (101)

For complete drying z = 1 and 't = tT' Therefore; the total

drying time is determined by evaluating equation (98) for z =1
to =Pt L [Ky(z) + Ky (D] for z =1 (102)

Drying Rate and Time Eguations for Various Drying Arrangements

Arraqgement 1 - Simultaneous Drying From Two Surfaces

In this arrangement simultaneous drying occurs from two surfaces

by exposing the surfaces to two separate heat sources. Figure 3 shows
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the arrangement for symmetrical boundary cenditions.

For convenience, let the ‘dimensionless dried_layer as given by
equation (104) be redefined. Thus, in this arrangement the drying

rate from one side of the sample is given by the following equation

knfT = T,) '
. -1 "D o ) -l 2a _
- =5 3 I : (103)
where
z =2/ (104)

Substituting equation (103) for thefmasé flux of vapor into equa-

tion {90) results in the fcllowingidifféren%ial equation for the drying

" time

dt = Ppl° L’ Fdz (105)
The boundary conditien is
z=0 at t=0 (106)

Integrating equation (103) and applying boundary ¢ondition (106)
gives the following equation for the drying fime as a function of the
dimensionless dried layer thickness =z

t(z) =l;‘p{.2 1;'\ Kl(z) for 0< 21 {107

where

z2
K, {z) = &2 | (108)
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For coﬁplete drying z =1 and t = tT:'“Therefoie, thg,totél

drying time is calculated by evaluating equation (107) for z =1

ty = Pp 1A k(1) . for z=1 ©(109)

It is interesting to note that.for Arrangement I the drying rates

and drying time are independent of the frozen layer thermal conductivity.

The frozen layer is adiabatic in this arrangement due to the symmetry of
the temperature gradients which cause the temperature gradient in the
frozen layer to be zerc. This is unfortunate because it fails to make
uég of the high thermal conductivity of the frozen layer which is approx-
imately twenty times greater than fhé thermal. conductivity of the porous

dried layer.

Arrangement II - Primary Drying from One Surface with Restricted Bottom

Drying

In this arrangement a vapor'bariier on fhe bottom and sides of the
sample causes the drying to occur primarily'from the top. Restricted
bottom drying is assumed t;ﬁbegin at the critical value of z. Figure

4. shows typical bouhdaryeconditions for this arrangement. The drying

rate and drying time equations, previously derived, are repeatéd for

convenience. -’

X,(2)

| : ' _
Sheprinn for 0<zlz (78)
o X(2)

- W = zr# e for'fzc <z<1 (85)
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t(z)

Pﬁf)z L Kz(z)' _ for Oézgzc (93)

t{z)

Arrangement III -Diying from One Surface with Zero Bottom Drying

In this arrangement a vapor barrier on the bottom and sides of

the sampie causes the drying to ‘occur only from the top with zero bottom

diying assumed, thus making full use of the high thermal econductivity df
the frozen bottom la?er° Figure 5 shows typical boundary conditions for
this arrangement. The.drying-rate and drying time equations, ﬁrevidusly

derived, are repeated for convenience

X,(z)

. | :
_w,mm for OS_ZSI (78)
t{z) = Pp‘ﬁ2 Kz(z) for 0<z<1 : (93)

Results of Exact Theoretical Analyses Solution

Exact Interface Temperatures

Ihterface temperatures wefe calculatedrwhich satisfy the combined
energy—coﬁtinuity equation (40) for various assigned constaﬁt values
of the heat flux ratio f, These calcuiations wefe-made on a digital
computerIUSing Newton's-mgthqd. One set of calculations was made
using the interface saturatioﬁ_p:essureftemperature relationship for
frozen pure.water, while anothef'set was made using the saturation
pressure-temperature experimental data for frozen meat jﬁices. The

results of these calculations for constant vacuum chamber pressures of

- 0.5, 2, and 3 torr are given in Tables 1 and 2. It may be noted that

Ppi® Lt [Kylz,) +Ky(2)] for z gzl (98)
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Table 1, Exact-Solution'Interféce Temperatures, op*
for Frozen Water Vapor Pressure

" "Héat Flux pe = 0.5 po = 2~; po = 3
""Ratio, f torr torr torr
1.0 448.14 474.46 482.89

s9 448,47 474,54 482,93

.8 448,88 474,64 482,98

.7 449,37 474.%7¢ 483.05

.6 449,97 474,93 483.13

.5 450,78 475.16 483.25

.4 : - 451,89 475.84 483,42

.3 453,54 476,00 483,70

.2 456.29 476.95 484,23

o1 462,08 479,32 485.59

*
Calculations are based on:
1. Using Equation (40).

2. Using saturation pressure-temperature data for frozen

water, see reference (7).

| 3. To = 575°R.
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%
Table. 2. Exact Solution Interface Temperatures, °R

for Frozen Beef Juice Vapor Pressures

Heat Flux po = 0,5 pc = 2 ' T po = 3

Ratio, f : torr - torr  torr

1.0 455,23 | 477.58 486.32

9 455.51 477.65 486.36

.8 455.85 477.77 486,41

7 ' 456,26 477.82 486.48

FAN: 456.76 - 477.95 486.57
. S 457,48 471812 486.69 |
1 g .4 458.38 _ 478.38 486.86 :
ﬁ a .3 . 459,78 478,79 487.14 . g
E i .2 © 462.11 . 479,55 487,68 ;
? ' .1 467,12 481.43 489.0% g
I 4
|

# : ’
Calculations are based on:

1. Usingequation (40).

2, Using saturation pressure-temperature relationship for
' frozen beef. See reference (7).

3. T0 = 5759R '
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the interface temperatures for frozen pure water are lower than the
interface temperatures for frozen meat juices.

Dimensionless Pressure and Dimensionless Temperature Distributions

The dimensionless pressure and dimensionléss:temperature ratios
were calculated by incorporating equations (41)_and (42) into the pre-
viously mentioned digital computer program. Figures 6, f, and 8 show
both the dimensionless pressure and dimensionless temperature distri-
butions in thé porous dried layer are approximately linear with respect
to the dimensionless distance measured in the dried layer and essen-
tially independent of the heat flux ratio f. This.implies that the

temperature distribution in the dried layer is essentially independent

of the bottom surface temperathre-:TB.' The'akplanatioh for this can best
be made by rearranging the heat fluk'fatio eqﬁation'(12) into the follow-

ing form

1
Evil) (110)

ke o

x=&
1 + " aT
D dx

=T

X=d

Substituting equation (76) for the frozen layer temperature gra-

dient into equation (110) gives the following expression for the heat

flux'ratid fe

1
(T | (111)
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Fig. 6. Dimensionless Pressure Distributions and Dimensionless
Temperature Distributions,
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Temperature Distributions,
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Boundary Conditions .
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Fig. 8, Dimensionless Pressure Distributions and Dimenstonless

Temperature Distributions.
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For fixed values of 2z, &, £, k kKny T and dT/dx at

F? "D %’

X =&, it is apparent from equation (lli) that an increase in the bot-
tom surface temperatﬁre TB will decrease the heat flux ratio f. Theref
fore, since the dimensionless temperéture distribution is essentially
independent of the heat fiux ratio f it is also essentially independent

of the bottom temperature TB. ‘ . -

Dimensionless Interface Pressure and Dimensionless Interface Temperature

The interface dimensionless pressure pb/p0 and dimensionless temp-

qerature Tb/'T0 both correspond to ihe dimensionless distance measured

in the dried 1a?er ﬁ* =1 1in equations (41) and (42). A plot.of inter-
face dimensionless préssﬁrq, dimensionless temperature; and heat flux
ratio are shown in Figures 9, 10, and 11 for constant vacuum éhamber
pressures of 0.%, 2, and 3 torr for'arrangehent_II. These figqures show
that the interface dimensionless temperatures are essentially independent
of both the heat fiux ratio and dimensionless dried layer thickness
(which is a measure of the interface position). This indicates that

for a given vacuum chamber pressure the interface tempsrature is
essentially independent of both the interface position and the bottom
surface temperature,

The essentiélly-constant behavior of the interface temperature as
the interface moves through-the sample from'top to bottom, cdupled with
the approximately linear temperature distribution in ihe porous dried
layer, led to the formulation of the approximate analyses solution
which makes use of both these approximations.

The.first mention of the essentially constant behavior of the

interface temperature was made by Kessler (11} based upon his experimental
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measurements of the temperature distribufions during the freeze drying
of a variety of materials, More recently this phenomenon was also

observed by Hatcher (12) in his experiments on the freeze drying of

beef.

Comparison of Exact and Approximate Theoretical

Analyses Drying Rates

The exact and approximate solution drying rates were calculated
for arrangement'II in which restricted bottom drying occurs. Figures
12, 13, and 14 show bofh exaci and_approximate drying rates vs. dimen-
sionless dried layer thickness for constant vacuum chamber pressures of
\ 0.5, 2, and 3 torr. The closeness of these drying rate curves further
strengthens the validity of the approximate solution. For this reason
the approximate solution equations: were-used-in-all other calculations.

The principal advantages of the approximate solution are:

1. It doees not'require a computer solution to determine the
interface temperatures.

2. It gives drying rates which agree very closely with those
éalculated using the more time~-consuming exact solution equations.

3. It gives a closed-form solution for drying time equations,

thus avoiding a lengthy numerical integration.

Results of Approximate Analyses Solution

The Effect of Vacuum Chamber Pressure.

The dimensionless dried layer thickness vs. drying time curves
for constant vacuum chamber pressure of 0.5, 2 and 3 torr are shown in

Figures 15, 16, and 17 for drying arrangements I, II, and III respectively.

[
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The boundary temperatures are the same for all curves shown ih these
figures., It is obvious that lowéring-the vacuum chamber pressure
decreases the drying time in all a;rangements. The reasons for this 
¢an best be explained by'the following anafysisa The approximate dry-
ing rate equation (77) daﬁ be written in the following generalized

form to cover all arrangements

b x (T -T1,) 0T -7 )
. _ 1 DV T8 e R
- W= T 2 + = (112)

where

[}
o

_ . |
1. For Arrangement I U(TB - Tb)

2. For Arrangement II

n
-~
o
g
o
I
] .
IA
N

U= él-+bl;; for. z_<z<1

3. For Arrangement III U = kg, for. 0. z< 1

For fixed boundary temperatufes To and TB’ the generalized

.drying rate equation (112) may be expreSsed in terms of the foilowing

variables
W= (ky, U, z, T,) (113)

The effect'of the various vafiables in equation (113} upon the

drying rate are shown by the following relationships

L &~ 1T, ~ Up, | . (114)

2. w~ 1/z S | J (115)

3#
For Arrangement I, equation {112) gives the drying rate for only
one side. . '
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k

. = _ VO
3w kg ks+1+Cpo | (116)
4, W~k ~ : (117)

Rélationship (1) shows that lowering the vacuum chamber pressure
reduces the interface temperature and thus. increases- the: drying- rate.

Relationship (2) shows that as the dimensionless dried layer
thicknéss jncreases the drying rate dgcreases;

Reiationship (3) indicates that lowering the vacuum chamber pres-
sure reduces the thermal conductivity of the vapor-filled porous dried
layer and thus decreases the drying rate.

Relationship (4) indicates that lowering the interface tempera-
ture, by lowering the vacuum cﬁamber pressure,. decreasés the mean-
temperature of the frozen layer. This ihcreases the thérmal conduc-
tivity of the frozen layer and thereby increases the drying rate."

Relationships (1) and (4) indicate that lowering the vacuum
chamber pressure tends to increase the drying rate, while relationship
(3) shows that lowering-the vacuum chamber pressure tends.to decrease
the drying rate. 1t is ihteresting to note that the drying time curves
shown in Figures 15, 16, and 17 indiéate that tﬁe.net tendency is fbr
the drying time to be decreased as the vacuum Ehamber pressure is
reduced. B

It is intereéting td note that the efféct_of réduéiﬁg the vacuum .
chamber pressure upon reducing fhé-drying.time-is'mUCh more prbnounced
for arrangements II and III than for arrangement 1. The explanation

for this can be understood by referring to the géheralized drying rate
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equation (112).. It is obvious that reducing the vacuum chamber pressure
will reduce-the-intérface temperature, according_fo equétion {40),

which will increase thé heat fluxes. In arrangement I the increase in
heat flux will apply ﬁnly 10 the dried layer since for this arrangement
the heat flux through the frozen layer is zero because dT/dx 1is zero
in the frozen layer. This causes the overall heat transfer coefficient
U in effect to be zerb fer this arrangement, However, in arrangements

IT and III the overall heat transfer coefficient U 1is greater than

F

reductioﬁ in the interface temperature will be approximately twenty

zero, thus U < k. = 20_kD.- Thefefbre, in arrangements II and IIlI a
times more effective in increasing the drying rate than for the same
interface temperature reduéction in the case of arrangement I.

The Effect of Boundary Temperatures

1t is obvious from equation (112) that the drying rate will
tend to increase as the top surface temperature To is increased and/or

as the bottom surface temperature T_. is increased.

B

The maximum tob surface.temperature' 'l'o is limited to approxi-

‘mately 575°R (1159F) in order to prevent the product from having a scorched

taste,
Undoubtedly théie_is'élsbhan upper: limit for ﬁhe bottém surface

temperature TB’ but 1n.most usual ffeeze%drying-process thé actual

bottom temperature is generally less than or'éqﬁal to the top surface

temperature, During the various tests conducted in this investigation
the bottom surface temperature was not controlled and increased with
time for each test,

By referring to equation {112) it may be noted that a given
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increase in the bottom surface temperature TB is some twenty times more
effective in ifncreasing the dryihg rate than for the same increase in

the top surface temberature To. This is true because the thermal con-
ductivity of the frozen ia?er is approximately twenty times greater than
the thermal cbnductivity of the vapor-filléd pofous dried layer.

The effect of increasing the bottom surface temperature upon both
the drying rate and the drying: time is sﬁpwn by Figures 18 and 1. These
curves are based upon drying arrangemen? IT with restricted bottom dry-
ing, a vacuum chamber preSsure*of.2ltorr and a £0p sﬁrface temperature
of 575°R., - In one case the bottom sdrface temperaturé is held constant
at 4JQ°R, while in the other case the bottom surface temperature is held
constant at.492.5°R. _The increase in drying rates and corresponding
decrease in drying time is rather remarkable since the botfom surface
temperature.is increaéed by onlf 22,5°F.

The Effect of Drying Arrangement

The three different drying arrangements considered in the approx-
imate theoretical analyses solution are briefly described below.

1. Arrangement I -~ Simﬁltaneous drying from two surfaces.

2. Arrangement II - Primary drying frﬁm_oné surface, with

restricted bottom drying.
3. Arrangement III -Drying from one surface with zero bottom
- drying.

The effect of drying arrangement upon the drying time is shown in
Figuiés:20, 21, and 22 for constant vacuum chamber pressures of 0.5, 2,
and 3 torr respectively, In all cases the top surface temperature is

'%T59R while the bottom surface temperature is 492.5°R,
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These curves indicate that arrangement III gives the highest dry-
ing_rate and fastest drying time for vacuum chamber pressures of 0.5 and
2 torr., However, in,an"éctual freeze-drying process it would be diffi-
cult, if not impdssiblé, to avoid some degree of'bottom drying, Thére-
fore, arrangément i1 appears to be a more realistic model.than arrangement
111. in the early stageé of drying, arfanéement I gives the highest dry-
ing rateshand fastést drying time bébause of simultaneous drying from
two surfaces. Evéntually the insulating effect of two dried layers
causes the drying rate to decrease sharply.

The difference in behavior of thé drying‘rate'curves for arrange-

ments II and III compared to arrangement I can easily be explained by

referring to the generalized drying rate.equation (112). For arrange-

ments II and III it will be noted that the following relationships hold

(1) w=>e® - 3s z >0
(2) w=>o a5 z =1

Thus, fo; arrangements II and III the drying rate is very high at the
beginning and end of the freeze-drying process. However,:for arrange-
ment I, which involves simulianeous drying from two surfaces, the heat
flux occurs only through the two dried layers and in effect the overall
heat transfer coefficient U is zero. B? referring fo equation (112)
it will be noted that for arrangement 1 the drying rate.decreases
continuously as the dimensionless dried layer thickness increases and
toward the end of the freeze-drying process the drying rate approaches

a finite limit. Thus, for arrangement 1 the following relationships

hold
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(1) % —=>w as z —=>0

2k (T -T,)
(2) & = E),EL- b as z -»1

L fReférring‘fo”Figuréé'Qo, 21, and 22'which show the drying 'time
curVés'?Sr’cbnstant_vacuUm chamber pressures of 0.5, 2, and é'torr
reSpectivelfi it is apparent that arrangement III with iero bottom drying
gives the fastest drying time for.0.5 and 2 torr vacuum chamber pressures.
For vacuum chamber pressures of 0.5 and 2 torr, arrangement II with

-restricted bottom drying gives a faster drying time than arrangement I.

.’Finally, for a vacuum chamber pressure of 3 torr, arrangemént I with
simultaneous drying from two surfaces gives a faster drying time than
érrangement II.-IThe ?eason for arrangements I and 11 béhaving in this
way 1is dpe to the fact that arrangement II is huch mére sensitive than
arrangement I to changes in the interface temperature resulting from

changes in the vacuum chamber pressure,

Saturation-Pressure-Temperature Relationship for Frozen Meat Juices
Experimental evidence indicétes that the ice formed by thé frozen
meat juiées.in the sample requires a higher sublimation temperature than
- for frpzen puré water at the same pressure. Ihus, for a given vacuum
chamber pressure the correspbnding interface saturation temﬁerature for '
frozen meat juices will be higher than for frozen pure water. This
tends to reduce the drying rates and to increase the drying time com-
pared with frozen pure water. This phenomenon is illustrated.by Figures
23 and 24 which show the drying rates and drying time for a vacuum
chamber pressure of 2 torr, top surface temperature of 575°R, and bottom

surface temperature of 492.5°R. The saturation pressure-temperature
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relationship for frozen pure water is used in one case and for frozen
meat juices in the other case.

Conclusions from the Theoretical Analyles

The principal conclusions drawn from the theoretical analyses
ares |

1. For a given.vacuum chamber pressure, the interface temperature
is essentially constant and independent of both the interface position
and bottom surface temperature.

2, The approximate solution equations give drying rates very
close to the drying rates using the more time-consuming exact analyses
equations; '‘and permit closed-formed equatibns for drying time, thus
avoiding a numerical integration of the exact éolution drying time
eguation,

3. Based upon the approximate theoretical solution equations,
lowering the vacuum chémber.p¥essure tends to lower the interface
temperature, to increase the drying rate, and to decrease the drfing
time.

4, Based upon the approximate theoretical solution equations,
increasing the.bottom surface temperature has little effect upon the
interface temperature, substantially increases the drying rate, and sub-
stantially reduces the drying time,

5. Based upon the approximate theoretical sclution equations,
arrangement III with drying from one side and zero bottom drying, in
general, gives the highest drying rates and fastest drying time.
Arrangement 1I, ih which pfimarf drying is from one side only with

restricted bottom drying, appears to be a more realistic model than

e
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arrangement I11I.

6. Based upon the approximaté theofetical soiution equations,
the drying rates are reduced and the drying time increased when using
the saturation pressure-temperature éﬁperimental data for frozen meat
juices compared with calculationslusing tﬁe saturation pressure-temper-

ature relationship for frozen pure water.
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CHAPTER III

INSTRUMENTATION AND EQUIPMENT

Equipment
The prihcipal equipment involved in the experimentél portion
of this investigation consists of a vacuum chambgr and condenser mounted
on a steel supporting frame and a vacuum pump. The genéral arrangement
of equipment is shown in Figure 25, Specifications for all equipment
and -instruments are given in Appendix H.

Vacuum Chamber and Heater

The vacuum chamber consists of a two-fcot cubical chamber made

of 1/4 inch steel plate welded to an internal frame made of angle

sections. The door is made of a single piece of 1/2 inch steel plate

in-which twe four-inch square observation ports are cut and covered
with 3/8 inch plexi-glass. A gasket made of 2 single piece of 1/4 inch
thick soft natural rubber cut in the shape of a picture frame is glued
to the door-side frame of the vacuum chamber to provide a vacuum-tight
seal for thg door. The hinges are slotted thus permitting the door to
slide forward when tightened by the twenty 3/8 inch tie-down bolts
located around the edges of the door and.passing through an external

flange on the vacuum chamber.

A plate type 110 volt, 1700 watt electric radiant heater 11 by

15 inches, mounted in the ceiling of the vacuum chamber, provides the

heat of sublimation during freeze-drying.
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Condenser

The primary fuﬁction of the condenser is to serve as a cold
trap between the vacuum chamber and the vacuum pump. This greatly
reduces the volume of gases handled by the pump and fedUCes the péssi—
bility of water vapor condensing and contaminating the_pump oil. This
enables much lower vacuuﬁ chamber pressures than otherwise would be -
possible.

The vapor released during the freeze-drying process, along with
air leakage, leaves the vacuum chamber through a six-inch pipe leading
to the condenser, The condenser is a heat exchanger made of two con-
centric cylindrical drums with fhe inner drﬁm open at the top where
dry ice and acetone are introduced. This reduces fh; temperature to
approximately -100°F and provides a surface temperature well below
the freezing point of the vapor so that it undergoes a vapor-solid
phase change and remains on the outer surface of the inner drum. After
completion of_a test the accumulated ice is allowed to melt and is

drained from the bottom of the larger drum. An acetone drain line is
connected to the inner drum.
Vacuum Pump |
| A meéhanichl'rotéry type vacuum pump removes non;condensible
" gases from the system and discharges them to the.atmOSphefe and. thus

maintains the vacuum, . =

Instrumentation

The Sample
-The sample consisted of a four-inch diameter disc of loin of

beef 1F1/4 or 1-3/8 inches thick which was purchased from a local retail




market, The circular sample was chosen to eliminate corners'whiﬁh would
tend to dry more rapidly than other parté of the édge of the éample due
to their higher surface area-volume ratio. In order that the heat and
mass fluxes be nearly one-dimensional, a vapor barrier of aluminum foil
was used to cover the bottom and edges of the sample, thus permitting
only upward flow of the sublimated vapor. A 3/4 inch layer of fiberglass
insulation wés wrapped around the circumference of the sample to minimize
the radial heat flux.

Pressure and temperature probes were inserted radially to a depth
of one inch as described in more detail later. The entire sample assem-
bly was placed on a six-inch diameter disc of 1/2 inch thick fiberglass
insulation resting on top of the precision balance. Figure 26 shows a
typical sample assembly.

Pressure Measurements

The vacuum chamber pressure was determined by a direct-reading
diaphragm type mechanical absolute pressure gage which is self-compen-
sating for variations in both ambient pressure and temperature. The
gage is calibrated in 0.1 torr increments from 0;2 to 20 torr.

Vapor preésure measureﬁents in the range of 0.1 to 3 torr pre-
sent a rather difficult problem because the range is low for mechanical
type gages, but high for most ioni;ation, thermocouple and other similar
type gages. Additional difficulties are encountered in gages where the
vapor could condense and cause troubie, or where the composition of the
air-vapor mixture must be known in order Eo use the proper calibration

data fo; the gage. This later problem made the use of an Alphatron type

'gage inconvenient and uncertain. For these reasons the mechanical
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d iaphragm type gage-séemﬁ to be the best ;uited'gage'for.measuring vapor
pressures down to 0,2 torr,

The vapor bressures in the dried léyer of thé'sample_were measured
by mechanical diaphragm type differential.pressure gages located inside
the vacuum chamber to eliminate the possibility of étmosphefic air leak-
age into the pressure-measuring system., Hypbdermic needles were used for
préssure probes. The probes were inserted into the sample, after it had
been partially frozen, with a wire inserted.in each needle slightly

beyond the tip in order to prevent plugging by meat particles. After

- complete. freezing, the wires were retracted. The probes were connected

to the high-pressure sides of the differential pressure gages by S/ié inch
rubber tubing; the low-pressuré sides of the gages were open to the
vacuum chamber pressure. To assure accurate probe location a special
jig shown in Figure 27 was used to locate the probes radially at equal
intervals and vertically at different depths below the drying surface-of
the sample.

The differential pressure gages are 'known as the "Magnehelic"
type. In this design the moving diaphragm is magnetically coupled to
the pointer spindle. This magnetic coupling is fortunate becaﬂse ini-

tially the differential pressure is approximately one atmosphere due to

air trapped between the dead-end pressure probe in the frozen sample and

the differential pressure gage. The differential pressure thus exceeds
the capacity of the gage until drying of the sample allows the trapped
air to escape up through the porbus dried layer, after which the true’

differential pressure between the vapor and the vacuum chamber is indi-

cated by the gage.,
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Temperature Measurements

All temperature measurements were made using copper-constantan

'thermocouples which were“extended through the vacuum chamber wall using

standard vacuum type feed-throughs. All thefmocouples were led to a
multi-point switch which was connected to a potentiometer having a
reversing polarity switch. A 32°F reference junction was proJided by
crushed ice and water in a thermos bottle.

Probes for temperatufe measurements consisted of fine copper-
constantan wires threaded through a hypodermic needle and connected at
the tip of the probe to form the hot junction. The temperature probes
were located radially and verticaliy using the same jig used for loca-
ting the pressure probes. The témperature probes, like the pressure
probes, were frozen in place in the sample. Quick-connect miniature
plugs and jacks permitted the short thermocouple leads extending from the
sémple to be connected to permanent thermocouple leads located inside
the vacuum chamber.

In additian to the temperatures measured by the probes, other
temperatures measured inéludgd the heater surface, the condenser sur-
face, the vacuum chamber atmosphere and the top and bottom surfaces

of the sample.

- Weighing Balance

A precision indicating balance supporting the sample; thermo-
couple lead wires, and rubber tubing, was used to determine the rate
of sublimation by loss of gross weight. The balance was calibrated
in increments of one gram from zero to 2,000 grams. ‘Estimates of 0.1
gram could easily be made. The balance dial was illuminated and was

observed through a port in the deor.

.or
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Pressure and Temperature Control

The vacuum chamber pressure was maintained constant throughout
a given test by manual operation of an air bleed valve. Air was bled
into the system between the condenser and vacuum pump thus permitting
the vacuum chamber pressure to be regulated and held constant.

The top sdrface'temperature of the sample was held constant
throughout a given test by varying the power input to the heater. This
was accomplishéd by manual operation of a variac unit to vary the input
voltage and thus the input power fo the heater. |

Estimate of Instrument Errorsg

The absolute pressure gage used to measure the vacuum chamber
pressure was new and iis calibration ﬁurve, tracéable to thé NBS, was
furnished by the manufacturer, and was applied to all gage readings
obtained in the various tests. Thus the maximum error in the measure-
ment of the vacuum chamber pressure is estimated to be #0.01 torr.

The differential pressure gages were parefully calibrated before
each test using an. inclined manometer with minor division of .0l inches
of water. Thus it is estimated that the maximum error in the differen-
tial pressure méasurements wés $0.01 inches of waFer or *0.02 torr.

All thermocouples were used with a 320F reference junction temper~
ature maintained by an ice-water bath. The potentiometer is calibrated
in increments of 0.00% millivéltsm Thué.thé"maximum error in the various
temﬁerature measurements is estimated to be #0.230F,

The precision balance is calibrated in one gram increments which-
easily cohld be interpolated within 0.1 gram. Also the balance indi-

cator and scale are in the same plane thus avoiding parallax error. In
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addition, the balance was checked at the beginning of each test by plac-
ing known weights on fhe_balénce and adjusting the scale fof zero

error. Thus the estimated maximum error in weighing is estimated to

be *0.1 gram.




g1

CHAPTER IV
PROCEDURE

A number of 24-hour tests were conducted at constant vacuum
chamber pressures during which the temperature of the top surface of
the sample was held constant near the highest permissible level, If

the top surface temperature is excessive the sample may become scorched.

Pre-test Procedure

As previously mentioned, the samples were cut from a 1-1/4 or
1-3/8 inch thick slab of loin of beef purchased from a local retail
market. The entire slab of beef was partially frozen in a domestic
type deep freezer to a semi-rigid condition to facilitate handling and
cutting. A four-inch diameter test section was selected to avoid inclu-
sion of'bone and/or fat portions.

As previously mentioned, wires were inserted inside the hypo-
dermic needle pressure probes and extended slightly beyond the tipé in
order to prevent plugging by meat particles. The temperature probes
were also made of hypodermic needles threaded with fine copper-constan-
tan thermocouple wires with the hot jdnction formed at the tip of the
probe.

The partially frozen sample.was placed face down on the probe jig
shoﬁn in Figure 27 and the aluminum foil vapor barrier pressed in placé
around the bottom and edges. Next, the pressure and temperature probes

were inserted to a depth of one inch into the sample, which was
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subsequently returned to the freezer for final over-night freezing.

Test Procedure

Prior to the start of each test dry ice and écetone were placed.
into the condenser, the thermocouple reference junction_ice-water bath
was prepared, and all instruments, which had been pre?iously calibrated,
were checked out,

The sample assembly was transferred from the freezer to the
weighing balance inside the vacuum chamber; and as quickly as possible
the pressure probe tubing was connected to the differential pressure
gages and the thermocouple leads from the sample were connected to the
permanent leads iﬁside the vacuum chamber. Next, the door was secured
and the vacuum pﬁmp was started which pﬁlled the vacuum chamber pres-
sure down to the test level in approximétely five to ten minutes. An
initial survey of temperatures wﬁs'made; rThen;the heater was turned on
to full 110 volts at which time tﬁe test.was]offigially begun.

All data was observed and recofded-at 15-minute ihtervéls. How-
ever, in the early stages of.ihe test the top surface teﬁperature of the
sample was frequently-monitored to pfevent over-heating 6f the top sur-
face which could occur with full heater voltage. |

" The air bleed valve was manually adjusted aé required to maintain
constant vacuum chamber pressure, After approximately 15 td 20 minutés
it became necessary to adjust the variac to reduce the heater voltage in
order to maintain the iop surface of the sample at g-constant temperature.

The remainder of the 24-hour tesf was generally uneventfpl except
for manipulation of the variac and air bleed valve, taking Hata? and the

addition of dry ice to the condenser at intervals of two to three hours.

Fm ot o mm = e e — e . 4
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Post-test Procedure

After 24 hours the official test ended, but in most instances
drying was continued for sewveral hours longef without recording addi-
tional data except the gross weightel At the end of this period the
pump was stopped, the_door unbolted and the sample removed. The insu-
lation, vapor barrier, and probes were réﬁoved from the sample which
was then bisected to determine the extent of bottom drying. After this,
the bare sample was returned to the.vacuum-chamber for complete drying

for another 10 to 20 hours, with no additional data obtained except the

final net weight of the completely dry freeze~dried sample.




94

CHAPTER V
DISCUSSION OF RESULTS

General
Two series of 24-hour. tests were made at varicus constant
vacuum chamber pressures. Only the results of Test Series II are pre-

sented because of vapor pressure measurement difficulties encountered

in Test Series I.

Test Series I Test Series II
Test - Pressure, Test Pressure,
Number torr g Number torr
1 0,01 7 0.5
2 0.1 8 2.0
3 0.1. 9 3.0
4 1.0
5 1.0
6 1.0

Pressure_Measurements _

B

Iﬁ Test Serié;*l cbnéiderable'difficult?r;a; encountered in
making accurate vapor pressure measurements in the porous dried layer.
The general arrangemeni of the vapor pressure measuring system is shown
in Figure 28.

Initially air at atmospheric pressure is.trapped in the connect-
ing line between the probe and the differential pressure gage. When the
vacuum chamber pressure is reduced to the desired test level the diffei-

ential pressure acting on the gage ié one atmosphere (approximafely 760
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torr). This differential pressure is much greater than full scale capac-
ity of the gage {approximately 0.95 torr). Fortunately, however, the
differential gage diaphragm is magnetically coupled to the pointer thus
preventing damage to the gage. When the porous dried layer reaches the
vicinity of the prope.the trapped air begins fo escape and eventually the
true differential pressure between the water vapor amd the vacuum chamber

is indicated on the gage,

After a number of 24 hour‘testéthad-been‘completed it was observed

that the differential pressure gage?;eaging was greater than zero even
when the presshre prabe was exposed to the Qﬁcuum chamber directly. This
indicated that Pyo > Py which would result in an inaccurate measure

of the true vapor Préssure bxlo Originally.it was thought that perhaps
some residual lubricant or othér contaminant in the measuring system might
be out-gasing thus giving rise to a vapor pressure on the high-pressure
side of the gage. After'investigating many schemes in an attgmpt to
solve the problem, it was discovered that if larger diameter hypodermic
needle probes and larger diameter tubing were used that the differential
pressure gage would read zero with ihe probe open to the vacuum chamber.
As a result of this solution to the problem of accurate vapor pressure
measurements, Test Series Il was successfully completed using the larger
diameter hypodermic needle probes and larger diémeter_tubing listed in

Figure 28.

Pressure Distributions

As previously mentioned, Test Series IT consisted of three 24-hour

tests at constant vacuum chamber pressures of 0.5, 2, and 3 torr for
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which the actual preésure distribution curves, with time as a parameter,
are shown in Figures 29, 30, and 31. The pressure curves in each case
are extended to the calculated position of the interface which is indi-
cgted by a vertical dashed line. It may be oﬁserved that the pressure

'gradients decrease with increasing time. This is due to the decrease

“in both the mass and volume flow rates of vapor with time. In all tests

the maximum differential pressure between the interface and vacuum cham-
.ber ranges from C.15 to 0.20 torr an& is approximately the same for all
three tests. The characteristic of the rising interface pressuré with
dried layer thickness and time is evident.

A comparison of the actual and theoretical dimensionless pres-
sures versus dimensionless distance in the dried layer are shown in
Figures 32, 33, and 34 for vacuum chamber pregsures of 005; 2, and 3
torr. Points representing actual dimensionless pressures fall well
within the range of the theoretical dimensionless pressuré cques calcu-
lated using equation (42) for various constant values of the heat flux
ratio f.

All these observations concerning a comparison of the actua&
and theoretical dimensionless pressures tend to substantiate the general

validity of the theoretical analyses.

Temperature Distributions

The actual temperature distributions using time as a parameter

are shown in Figures 29, 30, and 31 for pressures of 0.5, 2, and 3 torr.

The surface temperatufe in all cases is constant at 575°R (115°F); how-

ever, since the bottom temperature is uncontrolled, it increases with
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time during a given test, and tﬁe time-mean average bottom température
varies between different constant vabuum chamber pressure tests. In
fact, all temperature distribution curves show a rising characteristic
with time.

A comparison of the actual and theoretical dimensionless temper-
atures versus dimensionless diétance in the dried layer, for va;ious
constant values of the heat flux ratio f, are shown in Figures 32,I33,
and 34 for vacuum chamber pressures of 0.5, 2, and 3 torr. These cufves

apply only to the dried layer and do not show the dimensionless tempera-

‘tures in the frozen layer where the theoretical temperature distribution

is assumed to be linear. The actual dimehsionless_temperatures exhibit

a dropping characterist;c with increasing dimensionless distance measured
in the dried layer which are similar to the theoretical dimensioﬁless
temperature curves calculated using equation (41) for various constant
values of the heat flux ratio f.

Curves showing actual temperatures measured by various probes are
shown as a function of time in Figures 35, 36, and 37 for vacuum 6Hamber
pressures of 0.5, 2, and 3 torr. As an example, it is interesting to
observe the temperatures measured by the probe at x = 3/4" shown in
Figure 37. It can be noted that as long as the probe is in the frozen
layer, indicated by the solid porfion of.thé cufve, its tempe;ature
remains essentially constant. However, when the interface reaches the
probe the temperature at this position beginsfto increése rather sharply

with time.




30

120 f\ — .
} \\D,O""{-‘:_o"o-“—°"°-'°_b?6"_°"°"“—°_°—°" p=C=0=0=¢ x =0
—
: ¥
100 S .
I Boundary Conditions’ - x = probe position, inches
_l' Po * 0.5 torr
i To = 575 %R average
80 Tg = 470 %R average
e q -
s |
- =
s 60 I —U=g—o
s N —-o_..ﬂ)
2. l . _ o-.|'I”C'.|-----t::‘.i )
l!-, 1 ofo"-"
: e ’
40 H —
| e
) / _o=% x = 3/av
I © 0’
20 I Rd I o x =1 1/8"
1 | | | ] | I
20

10 Drying Time, hours

Fig. 35. Measured Temperatures vs. Drying Time.

S0t




Temperature, Op

30

Drying Time, hours

Fig. 36, Measured Teﬁperature vs. Drying Time,

P-_-o--‘r.-n--a—-o-+-°""O-'O"‘+-0--O--0--F—O--O-—O--c—$--Q.-o__q X =0
[4
= 7
! Boundary Conditions - X = probe position, inches
1 4 p. = 2 torr : _
100 }— T: = 575°R average .
'.' , Ty = 492.5 °R average _on-0-g X = 1/4"
] O -@ﬂ'm‘
= : . Co LR, s o
¢ N . -
| g :
80 |- ot
E ’of‘o‘ |
y. 4 x = 5/12¢
4 Pl _ 'yoo"d /
; »o” '
1 N 27
60 H e
] g
= .9"0’
' Q-
H - A .
if 0" - x = 1 1/4"
! L .
2
o5 T A x = 3/4"
. g _ _
o”
O | - o=
. _ ;..-o-—a""o""“"'b--d-
20 : i T
i, \ ' R L | I i
0 : 10 20

901




Temperature, °F

120

100 .

80

40

f— o D e s i s . i
- { | '
I/ Boundary Conditions
{ p, = 3 torr

T, = 575 9R average
Tg = 495 °R average

A=

__+“

x = probe position, inches

0

:——'4-——

. .—-.--wx' 1 4"

I~

s/12v

3;4"

1 3__/8'_'

I

10 20

Drying Time, hours

Fig. 37. Measured Temperatures vs, Drying Time.

30

L01




108

Drying Rates

Actual and theoretical drying rate curves for arrangeménts I and

I1 are shown in Figures 38, 39, and 40 for vacuum chamber pressures of

0.5, 2, and 3 torr. The actual drying rates for_pre55urés of 0.5 and 23f:

torr compare quite well with the theoretical drying rates based on

arrangement 11; however, for a pressure of 3 torr the agreemént is less

satisfactory. In part, this may be attributed to the:greater radiai heat -

flux for the 3 torr pressure compared to the lower pressure'tests} At

least one factor contributing to the higher radial heat flux is that

the thermal conductivity of the fiberglass insulation on the bottom and

sides of the sample is pressure dependent as shown by the following equa-

tion:

‘ki = ks + .w | (118)

where

~
1l

i thermal. conductivity of the cbmposife porous'inSUIation
and gas-filled void volume

T . k
S

u

thermal conductivity of the solid part of the insulation

k§ _=thermal conductivity of thexbas at a standard reference
pressure

C = experimentally determined constant -

aal

As the chamber pressure is increased the contribution of the
thermal conductivity of the gases in the void volume of the insulation
increasées, thus increasing the composite thermal conductivity of the

3
insulation.,

*
See reference (4).
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The theoretical models for all three drying arrangements I, II,
and III assume zero radial heat fluxs this will tend to cause the theo-
retical drying rates to be less than the actual drying rates where the
radial heat flux is greater than zero. Thejdéviation between actual
and theoretical drying rates is less pronounced for vacuum chamber pres-
sures of.005 aﬁd 2.torr becauée of the greatef:insulaiing effect of the
fiberglass insulétion which tend; to ?éducg the radial heat flux com-

paréd with the 3 torr pressure test.

-Dixing Time
Figure 4l shows the drying time curves for vacuum chamber pres-

sures of 0.%, 2, and 3 torr. The drying time curve for 2 torr is the
.fasiest while the drying time curve'fér 0.5 torr is the slowest. At
first glance this appears to contradict the theoretical analyses. How-
ever, the paradox is made clear by a close inspection of the Qarious
boundary conditions for each test. The 2 énd 3 torr pressure tests

have essentially the same boundary temperatufes.' The top surface temper-
atures are both 575°R (115°F) while the bottom temperatures are 492.5°R
and 495,0°R respectively. The improvement of drying time with the lower
“vacuum cﬁamber.pressure is in agreement with theoretical consideratibhs.
This agreement would have beén even more pronounéed except for three
factors which tend ‘to reduce the drying time for the 3 torr pressure |
test below normal. First, the radial heat flux for the 3 torr test is
greater because of the decrease in the insulating effect of the fiber-
glass around the edges of the sample. Next, the sample fhickness for the

3 torr test is greater than for the 0.5 and 2 torr tests, being 1-3/8 -
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inches for the 3 torr teét-and only'l-1/4;inches for the other two tests,
This increases the relative radial area and thus increases the relative
radial heat flux. Finally, the bottom temperature is higher being

495°R for the 3 torr test and 492,5°R for the 2 torr test. The differ-
ence of only 2,5°R in bottom temperatures may not seem signifibant; how=
ever, it does make a substantial difference in the heat flux through

the bottom. The effect of bottom temperature upon the theoretical

drying time for arrangement II is illustrated by Figure 19 which shows

that the bottom temperéture plays a very important role in the drying
time.

The 0.5 torr tesi drying time curve is slower than the higher
pressure test primarily because the bottom surface temperature is 22,5
and 25°R lower than for the 2 and 3 torr test respectively. This
sharply reduces the bottom heat flux with a corresbonding reduction of -
the drying rate and lengthening of the drying time. 1In addition to this
factor, the insulating effecf ef the fiberglass insulation around the
edge of the sample tends to ihcrease with lower vacuum chamber pressufe
thus reducing the relative radial heat flux compared to the higher
vacuum chamber pressure tests,

A comparison of actual and theoretical drying time curves are
shown in Figures'42; 43, and 44 for vacuum chamber pressures of 0.5, 2,
and 3 torr. The 0.5 torr test.actuél drying time curve coincides most
of the time with the theoretical drying time.curve based on arrangement
II for reétricted bottom drying. The 2 torr test actual drying time

curve is bounded by the theoretical drying time curves corresponding -
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to arranﬁements"IL-aﬁd.III!which=are for restricted
bottdmidrYing-ah&gzero bottom drying respectively. 'Finally':'
the 3 torr test shows a faster actual_dr&ing time curve than the‘
theoretical drying t;me curves corresponding to arrangements II and
 III, but'is bounded Between the theoretical drying time curves for
arrangements I and III which are for simultaneous drying from tﬁo sur-
faces and zero bottom drying res;:ective}yo Tt is ogvious that for the
lower vacuum chamber pressuré test§ the actual dfying time curves

agree more'satisfactorily with the theoretical drying time curves than
does the higher 3 torr test;.'This-has-alfeady been'explainéd to 'be due,
in part, to the relatiyely-greatér*tédiél'heat.flux for the 3 torr test
compared to the lower preésure tesfs. This is especially significant

since the theoretical analyses assume zero radial heat flux.

Actual Bottom Drying

In the theoretical analyses the effect of restricted bottom dry-
ing upon the décréase in thé overall heat transfer coefficient of the
combined frozen layer and dried bottom layer is considered in arrange-
ment II. The accompanying decrease in theoreticai drying rates and
increase in fheoretical drying time has been noted.

The extent of actual bottom drying which had occurred aftér a
drying time of approximatelf'24 to 26 hours was determined by inépecting
bi#ected samples. Tracings of the bisected samples are shown in Figure
45 for vacuum chamber pressufes of 0.5, 2 and 3 torr,

This experimental evidence of restricted bottom drying plus the
similarity of the actual and theoretical drying rate and drying time

curves, all tend to support the validity of the theoretical analyses
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used to approximate the effects of restricted bottom drying.

Equations for Actual Drying Rates and Drying Time

The drying rate is defined as the mass rate of sublimation per
unit time per unit area of the drying surface of the sample. This can

be expressed by the following equation

W=l =2-L g5 = ' - (119)

. L _s_ 1 49} _
w=wt) st (120)
s s t

where

= area of drying suffape of thé_sampLe

A, = :
Am_ = mass of ice sublimated in short time interval
Amg = change in grqs§_mass in short time interval
At = short interval of time

t = drying time

Equation (120) was used to calculate the actual drying rafes
since all of the necessary data was easily obtained during an actual
test.

The dimensionless driedllayer.thickness is defiﬁed as the equiva-
lent dr_i.éd layer thickness divided by the sample thickness. Thus, the

following equation can be used to calculate the dimensionless dried

'layer thickness at any drying time
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p.Aspb m_ m [o-m[t
2(t) A =pA P o | m, (121)
t S + i t 1
where
p .= density of frozen meat juices
m, = cumulative mass of sublimated ice
m, = initial mass of ice
mg|° = gross mass of sample at zero time
mglt = gross mass of sample at drying time t

Ffom equation (121) it is apparent. that the dimenQionless dried
layer thickness z 1is equivalent to the cumulative mass of sublimated
ice expressed as the fraction of the initiai mass of ice in the sample.

The actual drying rate for any particular valﬁer of drying time
can be calculated by using equation (120}, then the dimensionless dried

layer thickness correspending to this value of drying time may be deter-

| mined by using equation (121). This permits the actual drying rate to

be expressed either as a function of drying time or as a function of
dimensionless dried 1afer thickness.

The actual drfing time:curves, Which.shOw fhe dimensionless dried
layer thickness versus the drying time, may be determined by using equa-

tion (121) directly.
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CHAPTER Vi
CONCLUSIONS

The principal conclusions dréwn from both the theoretical and
gxperimental analyses of this investigation are:

1. The flow of sublimated vapor through the capillary channels
of the porous dried iayer is in the transition flow regime for most usual
freeze-drying operating conditions, i.é. 0.5 < Po <3 torr,

2. The eguation for flow of rarefied wvapor through Phe capil-
lary channels in the porous dried layer includes the temperéture gra-
dient as well as.the pressure gradient because both contribute to the
flow rate. |

3. For fixed boundary conditions, the ékact solution permits
interface temperature to be determined as a.function of the interface
position which will simultaneously satisfy both the energy and continuity
equations.

4, Tﬁe exact solution interface temperature increases only
slightly as the interface moves through the sample during freeze-drying
and also increases only slightly if the bottom surface temperature of the
sample is increased.

5. The exact solution indicates that the interface temperature
is primarily detérmined by the vacuum chamber pfessure, decreasing as
the vacuum chamber pressure is reduced.

6. The approximate soiution which is based upon a constant inter-

face temperature and linear temperature gradients in the dried and frozen

- =




123

layers gives drying rates very close to the exact solution drying rates
and are much less time-consuming to calculate than the exact solution
drying rate equations.

7. The approx?mate solutions for arrangements II and I1I1, whicﬁ
are based upon drying from the top surface only but with restricted bot-
tom drying and zero bottom drying respectively, show a'9ubstantial
decrease in drying time as the vacuum chamber pressure is reduced.

8. The approximate solution for arrangement I, which is based

upon simultaneous drying from two surfaces, shows only a modest decrease

in drying time as the vacuum chamber pressure is reduced.

9. The approximate solutions for arrangements II1 and 111 show a
sdbstantial decrease in drying time as the bottom surface temperature
is increased, while holdiﬁé all other boundary conditions constént,_

10. Experimental evidence indicates that partial bottom drying
occurred‘durﬁng all tests at various constant vacuum chamber pressure;
therefdre, airangemént I11 which assumes zero bottom drying is pri-
marily of theoretical interest only. | |

11. The approximate solutions indicate that for a vacuum cham-
ber pressure of 0.5 the drying time is faster for arréngement II than
for arranéément Is while for vacuum chambér pfessures of 2 and 3 torr
the drying time is faster for arrangement I than for arrangement II.

12. Measured dimensionless pressures fall within the fange of
calculated exact solutiqd dimensionless pressure curves.

13. Measu;ed dimensionless temperatures deviate somewhat from the
calcuiated'exacf'solution dimensionlegé temperature curves, but-exhiﬁit

a similar dropping characteristic as the dimensionless distance in the
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dried layer increases.

14, Measured drying time curves for vacuum chamber'préssures
of 0.5 and 2 torr are close to the calculated approximate solution curves
for arrangement iI; while for a vacuum chamber pressure of 3 torr the
measured drying time curve is bounded by calculated approximate solu-

tion curves for'arrangements I and III.
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APPENDIX A
DERIVATION OF OVERALL HEAT TRANSFER COEFFICIENT U EQUATION

To take'the phenomenon of restricted bottoh drying into accoﬁnt,
the heat flux through the combined frozen layer and bottom dried layer
is calculated by using an overall heat transfer coefficient for the com-
bined layers, designated by U. It is assumed that the bottom layer
remains frozen in tﬁé early stages of drying; however, when the inter-
face reaches some critical value, designated. L it is assumed that
{he bottom layer gradually begins to dry and continuously increases in

thickness for the remainder of the freeze-drying process, Tﬁis will
cause the overall heat transfer coefficiént to decieasg until fhe sample
is completely dried. It is obvious that as the thickness of the frozen
layer approaches zero, i.e. as z —» I, the overall heat-transfer coef-
ficient U must approach the thermal conductivity of the porour dried
| layer. Thus, the overall heat transfer.coefficient U must satisfy the
following conditions |

1. For the upper limit of U

.U =k for 0< z< 2
F - - c

s

2, For the lower limit of U
u— kD as z =1
Assuming a linear variation of the overall heat-transfer coeffi-

cient U with the dimensionless dfied-layer thickness, which will also

I
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satisfy comditions (1) and (2), it is easy to derive an equation for the
overall heat transfer coefficient in térms.of the dimensionless dried

layer thickness z. A diagram of U vs. 'z is shown in Figure 46.

U=k

U

Ll

k

z=0 z=z z z=1
c

Figure 46. Overall Heat Transfer Coefficient U vs.
Dimensionless Dried Layer Thickness z.

. By geometry'

k —kD l1 -2
- (ko - kn)
_ _ F D
U=ke- (z - zc) 1 -z
¢
thus
U = al + blz - . (59)
where
: z (k_ - k_.)
¢'F D
a, = kF B W (60)
e _
(ko - k)
F D
S Wi weae (61)
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APPENDIX B

DERIVATION OF AN'EQUATION RELATING THE BOTTOM

AND TOP DRIED LAYER THICKNESSES

It is interesting to determine the relationship between the bottom
and top dimensionless dried layers which occurs if the overall heat trans-
fer coefficient U decreases linearly as shown in Figure 46 and as
given by equation (59). |

Figure 48 shows a typicél diagram of arrapgement II in which
restricted bottom drying is considered. . In this diagram z, = bl/£
designates the top dimensionless.dried layer thickness, while z, = 62/£
designates the bottom dimensionless driedllafer thickness.

The heat flux.conducted throﬁgh.&he'combined frozen layer and
bottom drieq layer, wjth boundary temperatures Ta and TB’ is given

by the following expression

Tp T Ty o) (122)
{’,-51 ‘t-(\b1+52)+a_2
‘U kF kD
U ~ 1
(1 - zl) T1 - (zl + 22) . ig
kF kD

Rearranging,
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U= : ' _ | (123)

kp _1:--21

Assuming & linear variation of the overall heat transfer coeffi-

cient U with 2 equation (5§) can be substituted into equation (123)

to give
. kF
a, + blzl Rl —— . (124)
l + a2 2
41 - Zl
where
a, = ke " ¥
4 kD
Rearranging equation (124),
k Y (1 - z,) .
. F 1
2, = |———— -1 (125)
. 2 [al + blzl } a, |

A plof of equation (125) is shown in Figure 47, It may be

observed that 2z, varies approximately linearly with z, over most of

2
the curve and réachés a maximum value of approximately 0.025. Thus,'it
can be seen that only a relatively thin botitom dried layer substantially
decieaées the overall heat transfer coefficient and.thus decreases the.
bottom heat flux and the drying rate.

It seems appropriate'to explain why the bottom interface temper-

ature is greater than the top interface temperature in arrangement II,

but equal in arrangement I with simultaneous drying from two surfaces.




Bottom Dimensionless Dried Layer Thickness, z»

04

.03

L02F

LOlE

129 -

0 .2 .4 .6 .8
- Top Dimensionless Dried Layer_Thickness, 2y

Figure 47. Bottom Dimemsionless Dried Layer Thickness Vs,
: Top Dimensionless Dried Layer Thickness.

1.0
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Referring to Figure 48 for arrangeﬁent II, vapof sublimated from the
top interface at points such as (1)_have direct and relatively short
paths through the capillary channels in the porous dried layer in order
to escape to fhe free surface and be removed from the system. In addi-
tien, the total vapor sublimated froﬁ thé_tqp interface has a cross-
sectional area for flow of P![rfzo _Sincé the porosity of the dried
layer is relafively high, the.pressgre drop between'the'top interface
and free'surfacé is comparéfivel? small. This cauées the top interface
pressure to be oﬁly slightlf hiéher thaﬁ“thé vacuum chamber pressure.
Thus, at the top inferface the saturation temperature is only slightly
greater than the saturation temperature corresponding to the vacuum cham-

ber pressure.

In contrast to vaper sublimated from the top interface, vapor sub-

limated from the bottom interface at points such as (2) must travel a
rather tortuous path'acroés the fibers, around through the restricted
channel at the edgés between the frezen layer and vapor barrier, and
finally in the negative x-direction to the free surface., The cross-
sectioﬁal area for flow between the frozen layer and the vapor barrier
is given by the following equation

o < e (xR 52) (129
Since r, = Tys the cross-sectional ‘area at the edges is very small,
thus causing a throttiing effect on the vapor sublimated from the bottom
interface.” The combined effects of the long tortucus path and throttling

at the edges cause the bottom interface pressure to tend to be greater

B




Figure 48, Schematic Diagram of Arrangement II with
Restricted Bottom Drying.
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than the top inferface pressure', thereby causing the bottom interface
saturation tempgrature to be_greate; than the top interface temperature.
The following expressions illustrate the_relat_ionships between the
pressures and temperatures existing at the free surface, top interface,

and bottom interface
pb2 2 Pyy ¥ P

Too 2 Tg) ¥ Toae,

]




APPENDIX C

EQUATIONS AND REFERENCES FOR TRANSPORT PROFPERTY DATA

133

The following equations and references were used to obtain the

necessary transport data for both the exact and approximate solution

theoretical calculations:

Reference
Number

1. Constant pressure specific heat of water vapor,
e, Btu/lb_ °R, (14)

2. Mean diameter of capillary channels in freeze-dried

beef, d, ft. (4)

"3: Thermal conductivity of vapor-filled freeze-dried

beef, k., Btu/ft.hr,oF (4)

D’

kK o+ —2
142
™

" where

=~
"

thermal conductivity of solid,
Btu/ft.hr.oF :

thermal conductivity of water vapor,
Bty/ft.hr.°F, at reference pressure

=
]

constant

O
n

mean pressure of vapor.

e
]

4, Thermal conductivity of frozen beef. Reference (5)
presents a plot of thermal conductivity of beef
versus temperature. ki, Btu/ft.hr.°F. (5)




— —

10,

1l.

12.

13..

~ Latent heat of sublimation of ice,

L, Btu/lb .

"Latent heat of sublimation plus superheat of water

vapor, L', Btu/lbrn
L' =L+ (T, - T,)

Absolute viscosity,

u A water vapor,
B, - lbgsecs £t ' -

Density of ice,
P, lbm/ft.3

Saturation pressure~-temperature relationship for frozen
pure water.

Saturation pressure-temperatdfé reiationéhip'for
frozen beef. S

Porosity of freeze-dried beef (void fractien).

Gas constant for water vapor,
R, ft. 1b./1b °R.

Mean free path of water-vapbr malecules,

Ay ft.
N o=\ Eéln-"l
s p Ts :

where

A\_ = mean-free path of water vapor molecules

]
at standard pressure and temperature

P = ‘standard pressure

'1's = standard temperature

n. = constant

(14)

(14)

(14)

(14)

(14)

(7)

(4)

(14)

(13)

134
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APPENDIX D

TRANSPORT PROPERTY DATA USED IN EXACT AND

APPROXIMATE SOLUTION CALCULATIONS

Table 3. Transport Prdperty Data Used in Exact and
Approximate Solution Calculations

Property

po=0.5 torr | .pol-= 2 _Itor:r Py = 3 torr

S 2,

3.

2.

6.

7.

8.

Constant pressure
specific heat,
Btu/lmeR

~Mean diameter of

capillary channels, cm

Thermal. conductivity of
freeze-dried beef,
Btu/ft.hr.°F

Thermal conductivity of
frozen beef, Btu/ft.hr.oF

Latént heat of sublima-
tion of ice, Btu/lbm

Latent heat plus super-~
heat of water vapor,
Btu/l_bm

Absolute viscosity of
water vapor, . ;lbf'seqfft

~Density of ice, lbm/ft3

Saturation ﬁressure-
temperature relation-
ship of pure ice

' 0.44% 0.445 0.44%

100 x 10”4 100 x 1074 100 x 1072

0.0245 0.0279 . 0.0288
0.62 0.58 0.52

1220 1220 1220

1271 1264 o 1299

2.16 10~ 2.16 x10~7 2,16 x 107"

57.5 57.5 57.%

see reference (14)

_
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Table 3 (Continued)

. Property

po=0.-5 torr P, = 2 torr _ P," 3 torr

10.
11,

12,

13,

14,

15,

Saturation pressure-
temperature relation-
ship of frozen beef

Porosity of freeze-
dried beef {void
fraction)

Gas constant for
water vapor, ft.lbf/
lmeH

Mean free path of water
vapor molecules, cm

Interface temperatures
used in exact solution

. Interface temperatures

used in approximate
solution, °R (using sat.
press,-temp. data for
frozen beef,)

see reference (7)

0.70 0.70 0.70

85.8 . 85.8 85.8

63.0 x 10°* 16.0 x 107

see Table 2

459.78 478.79 487,14
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APPENDIX E

METHOD USED TO EVALUATE THE EMPIRICAL CONSTANT N

APPEARING IN EQUATION (74)

Values of the empirical constant s appearing in equation (74)
may be evaluated in the manner now to be explained. Rearranging equa-

tion (74),

Tb :
% ~ Tsats (127)

where T, is the exact solution temperature corresponding to the aver-
age value of the heat flux ratio f. Values of T, may be obtained
from Tables 2 and 3 or calculated using equation (40),

The average value of the heat flux ratio is obtained by integrating
the variable heat flux ratio over the entire drying range z =0 to
z = 1,0, Thus, the average heat flux ratio is given by the following

equation
=] fa " (128)
The variable heat flux ratio f 1is a function only of z anpd is

given by the following equation which is obtained for the approximate

solution by substituting equation {75%) and (76) into equation (110)
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{129)

Rearranging,
T - (130)

where

kF(TB - Tb)

Cp = -1 (131)
5 " k(T - T,)

5

Substituting equation (130) for the variable heat flux ratio
into equation (128) and integrating gives the following equétion for

the average heat flux ratio

e, +1

T = =— 16 (1#c)- . (132)
2 . 5 65
C - i
5

Sample Calculation

The following sample calculation for % is made using the

saturation pressure~temperature relationship for frozen beef juices

(7) and is based upon drying é:raﬁgement 111.

[y
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P, = 2 torr
Tsai. = 4?7.§°R reference (7)
TO = 575°R
Tp = 492.5°R
kF = 0.58 reference (5)
kb = 0.028 reference (4)
¢5 = 1.95 calculated using equation (131)

Trial Calculation Np. 1

.‘? = 0.3 assumed
IS = 478.79°R - from Table 2 corresponding to f = 0.3
Use equation (132) to calculate F
= 1.95 + . 1
f = -22——§l In (1 + 1,95) - === = 0,286

Since the assumed and calculated values of f are close, additional

trial calculations are not neéessary,_ Thus, the constant C, is




-caleulated by using equétion {(127)

T
s 478.79 _
5 TT * 2718 - .00
sat.

140
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APPENDIX F
TABULAR DATA FOR EXACT AND APPROXIMATE SOLUT10ﬁ CALCULATIONS

Table 4. Approximate Solution Interface Temperatures
and Constant c, Used in Equation (74)

(a) For Frozen Pure Water, f =0.3

po=0.5 : p°=2 po=3

torr ‘ torr ) torr
Interface temp. T,,°R 453.5 476.0  483.7
*Saturation temp.,°R 448.0 - 474.,4 482,9
Constant ] CO o L 1 . 01 1 - 008 . 1 o 001

(b) For Frozen Meat Juices, f = 0.3

Interface temp. T,,°R 459, 8 478.8 . 487,1
*Saturation temp.,°R - 455.0 477.8 486.1
Constant, ¢ 1.0 1.001 1.001

#*
-Saturation temp. corresponding to vacuum chamber pressure Poe
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Table 5. Exact Solution - Dimensionless Pressure and Dimensionless Temperature Ratios”™
(po = 0.5 torr; To_ = 575°R})
f=0.1 £=0.2 f=0.3 f=0.4 {=0.5 f=0.6 f=0.7 f=0.8 f=0.9 f=1.0
3* . % * * & s * * *®
X P P P P 2 P P P P. P
0 1.0 1,0 - 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
N | 1.167 - 1.090 1.058 1.040 1.029 1.021 1.016 . 1.011 1.008 1.005%
.2 1.306 - 1.168° 1.109 1.076 1.055 1.040 1.029  1.021 1.014 1,008
.3 1.424 1.236 1.155 1.108 1.078 1.056 1.04} 1.028 1.019 1.011
.4 1.526 1.297 1.195 1.136 1.098 1.071 1,050 1,035 1.022 1.012
.3 1.617° 1.3%1° 1.231 1.161 1.115 1.083 1.058 1,039 1.024 1.011
+6 1.698 1.399 . 1.263 1.183 1.130 1,003 1.064 1.042 1.024 1.010
.7 1.770 .  1.442  1.291 1.202 1.143 1.101 1.069 1.044 1.023 1.007
.8 1.835 °~ 1.480° " 1.316 1.219: 1.154 1.107 1.071 1.043 1.021 1.002
.0 1.894 1.514 - 1.338 1,233 1.162 1.111 1.072 1.042 1.017 0.997
1.0 1.948 1.545 1.356 1.244 1.168 1.113 1.071 1.038 1.012 0.990
# 3 K #* * * * K. * * %
X T T T T T T T T T T
0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
.1 0.978 0.979 0.979 0.97¢9 0.979 0.979 ¢.979 '0.979 0.979 0.979
-2 2957 .998 .958 .958 . 958 .958 .9%8 . <958 - 958 . 958
.3 F.937 .637 .937 .937 937 .937 . 937 .937 937 + 936
.4 . 917 <917 917 .916 L6 .916 .916 916 .916 <916
+5 . 898 . 897 .896 .896 896 .895 895 895 +895 <895
.6 880 .878 .877 .876 875 .875 .875 .874 . 874 .874
o7 . 862 859 . 857 - 856 855 855 .854 .834 854 .853
.8 . 845 -840 .838 .836 .835 . 834 .834 .833 .833 .833
-9 . 828 .822' »818 .Bl6 .815 .814 .814 .813 .812 -812
.812 .800 . 797 . 796 <794 - 794 <793 o792 « 792

804

H ’ ’ .
Based on: 1. Equations (41) and (42)}; 2. Vapor press.-temp. data for frozen beef. (7)

pl



Table 6. Exact Solution - Dimensionless Pressure and Dimensionless Temperature Ratios
(po = 2 torrj '1'6 = 575°R)

. f=0.1 f=0,2 f=0.3 §f=0.4 f=0.5 f=0.6 f=0.7 £=0.8 f=0.9 f=1.0
* * - _ # * # # ® - * # # *
X p p P p p p p p p p
0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.001 1.0
.1 1,030 1,015 1.009 1.006 1,005 1.003 1,002~ 1.002 1.002 1.001
.2 1,057 1.029 1.018 1.012 1.009 1.006 1.00% 1.003 1.003 . 1.002
.3 1.082 1.042 1.026 1.018 1.013 1.009 1.007 1.005 1.004 1.002
A 1.106 1.054 1.034 1.023 1,016 1.012 1.008 1.006 1.005 1.002
.5 1.128 1.066 1,041 1,028 1.020 1.014 1,010 1.007 1.005. 1.003
W6 1.148 1.076 1.048 1,032 1.023 1.016 1,011 1,008 1.005 1.003
.7 1.167 1.086 1.054 1.036 1.025% 1,018 1.012 1.008 1.005 1.003
.8 1.185 1.095% 1.060 1,040 1,028 1.019 1.013 1.009 1.005. 1.002
.9 1.201 ° 1.103 1.064 1,043 1,030 1.021 1.014 1.009 1.005 1.002
1.0~ 1.216 1.111 1.069 1.046 1.031 1.022- 1.014 1.009 1.005 1.001
* # # * »* * ¥ * * . *
X T T T T T T T T T T
0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
.1 0.981 0.982 0.982 0.983 0.983 0.983 0.983 0.983 .  0.983. 0.983
o2 964 <965 . 950 - 965 - 965 . 965 .966 .966 . 966 2966
.3 <946 - .947 .948 .948 .948 948 .948 .948 .949 .948
.4 L929 - .930 . .931 .931 - .931 .931 .931 .931 .931 .932
.5 L9113 .914 .914 .914 .914 .914 .914 .914 .914. .914
o6 .897 897 .897 . 897 . 898 . 898 . 598 .898 . 898 .898
W7 . 881 .881 .881 .88l .881 . 881 .881 .881 . 881 ,881 .
.8 .B66 - 865 - 865 . 864 . 864 . 864 .864 . 864 . 864 . 864
.9 .851 . 849 .848 .848 L8487 ,.848 . 848 847 . 847 <847
1.0 .837 .834 .833 .832 .832 .831 .831 831 .831 .831

*
Based on: 1.

Equations (41) and (42), 2. Vapor press.-temp.

data for frozen beef (7).
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Table 8. Exact Solution-Arrangement II,
; Dimensionless Dr;ed Layer Thickness
and Drying Rates

Heat Flux Py = 0.5 Po = 2 Po = 3
Ratio torr torr torr
£ z W z w z W
1.0 .0 ™. .0 . o 0 o
.9 028 +893 . .033- - . 702 057 + 346
-8 065 - 430 L0720 365 .121 -185
o7 .114 278 0117 0 252 »190 .133
.6 .183.. L,200 |, ..173 2199 .294 »100
B ) 2283 " .153 .247 166 . 440 . 080
o4 + 446 +119 373 01361 639 . 068
.3 . 735 .094 . 571 2116 . B68 -.066
o2 - 956 +103 . 848 114 « 960 087
.1 «380 .178 . 975 181 .983 156
o 1.0 @ 1.0 « 1.0 @
Boundary Temperatures, °R
To 975 °75 o 57%
TB 470 492.5 R 495 °

Calculatlons are based on:

1,
20
3.

Using Equations (51),° (58), and {65)

Interface Temperatures listed in Table 2.

Saturation pressure-temperature data for frozen beef,
see reference (7).
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Table 9. Approximate Solutidn-Arrangemeht 1
: : Drving Rates and Drying Time.”
Po = 0,5 torr Py = 2 torr Po 3 torr

z W t W t W t
0 o 0 w 0 o 0
.05 .856 .06 .817 .06 .705 .07
210 -428 . 24 . 408 - 26 - 352 - 27
.15 « 286 sl e 272 o238 <234 .61
« 20 . 214 . .97 . 204 1.02 . 176 1.08
25 -171 1.52 .163 1.60 .141 1.69
.30 . 142 2,18 +136 2.30 117 2.43
- 35 122 2,98 2117 3.14 .101 3.31
.40 107 3.88 102 4,10 .088 4,32
»45 - 095 4,91 091 5.18 .078 5.46
50 .086 6,06 .082 6.40 071 6.75
.95 .078 7,34 074 7.75 . 064 8,16
+60 071 8.74 . 068 9,21 059 . 9.71
+ 65 066 10.23 .063. 10.80 054 11.40
+ 70 061 11.90 .058 12.57 . 050 13.21
79 057 13.63 .055 14,40 . 047 15.20
+ 80 053 15.53 . 051 16,40 .044 17.30
+85 0950 17.50 .048  18.48 042 19.50
.90 .048 19,70 . 045 20.80 . 039 21,90
95 . 045 21.85 .043 23,10 037 24,35

1.00 .043 24,2% 041 25,60 .035 27.00

. Boundary Temperatures, °R -

TO 575 . ' 575 579

Tb 459,78 478,79 . 495

2 1 1/4" 1 1/4" 1 3/s

Lz

# .
Calculationis are based on:

1.
'20

Using Equations (103) and (107).
Using saturation pressure-temperature data for frozen
beef, See reference (7). :




Table 10. Approximate Solution-Arrangegent II
Drying Rates and Drying Time

147

114 1 /jar

P, = 0.5 torr P, = 2 to?r _ Py = 3 torr
2 f W t f w t f W t
0 1.0 o 0 1.0 0 0 1.0 © 0
.05 ..894 .478 . .22 865 ,472 23 .921 .381 . .31
.10 .800 ,267 @ .82 . 702 .271 . .85 .848 .207 ©.1.18
.15 .716 ,199 7 .1.73 656 207 " .1.74 778 -150 2.51
2 20 641 167 .2.88 574 178 2.84 .712 125 4,21
.25 587 ,145 4,23 .9518 .158 . 4.10 . 702 ,108 6.21
.30 .42 ,131 5.75 471 .l44 5.4% L6950 097 g8.46
«+ 3D .503 .121 7.41 LA432  .135 6.99 .55% .0%0 10.94
.40 .468 .114 9.19 .400 .128 ' B.5¢ .919 ,084 13,59
.45 .438 .108 11.07 369 .123 10.26 .482 .081 16.38
.20 411 .,104 13.05 .343 ,119 11.99 .447 078 19.28
ete} .386 ,100 15.10 .320 ,116 13.78 414 077 22,24
.60 364 .098 17.21 .300 .,113 15.60 .381 . 077 25.24
- 6D +344 ,096 19.38 - ,280 .l12 17.47 .349 077 28.24
070 0324 0094 21058 0262 0111 19.34 ) 0316 9079 31.18
.75 306 .093 23.82 245 111 21.23 - .281 .083 34.02
.80 286 ,093 26.07 $227 ,112 23.11 244,090 36.69
.85 .266 L0995 28.30 .207 .116 24.94 .201 .102 239.10
.90 239 .099 30,47 182 .124 26,70 <151 ..129 41,13
99 194 ,116 32.45 .140 ,153 28.25 .088 .210 42,60
1.00 0 «© 33.71 0 L 29.15 0 o 43,19
Boﬁndary Temperatures, ©°R
T, 575 ' 575 575
T, 459.78 | 478.79 487.14
T, a0 492.5 495
2 1 3/8"

Calculations are based on:

1. Using Equations (78), (85), (93), and (98).
2. Using saturation pressure-temperature data
beef, see reference (7).

for frozen
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APPENDIX G

TABULAR DATA FOR ACTUAL TESTS

Table 12, Pressure Measurements and Weight Loss for
0.5 torr Chamber Pressure Test, torr®

149

Time, S : Weight
Hours x=0" x=1/4" x=512" x=7/12" x=3/4 x=11/12" less, 2
' : grams
0 0 0
1 .48 20,0 .095
2 - .48 32.5 .154
3 .48 716 42,3 .200
4 .48 . 815 51.0 .242
5 A7 - 6500 $9.1 .280
6 47 570 715 66,3 .314
7 .50 «581 . 714 72.8 .345
8 .51 +584 .628 70.5 .377
S .48 « D52 . 608 85.3 .403
10 .52 578 « 620 .903 9l.4 .432
11 .49 + 550 595 . 904 96T 458
12 .48 540 «585 .884 102.2 .48%
13 .48 . 546 « 286 826 107.1 ..507
14 .48 + 540 .580 . 780 ' : 111.8 .52%
15 .45 . .510 550 C.729 - 698 116.7  ,.553
16 .48 .538 .564 + 730 . 720 121.4 .575%
17 45 « 508 .534 684 . 688 125.6 .595
18 - .48 .538 560 . 696 . 706 130.2 .617
19 .48 .536 .556 .68l . 703 134.1 .635
20 . .48 . 542 562 .679 . 716 138.2 .655
21 .48 . 542 562 . 666 . 720 751 142.4 .67%
22 .47 . 538 .952 . 650 - 715 . 613 145,8 .692
23 .49 .558 . 966 . 658 . 739 . 761 149,5 ,709
24 .47 + 241 .952 .635 719 . 746 153.3 728
™

X = pressure probe position, inches
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Temperatuﬁe Measurements for 0.5 torr

Table 13.

of¥*

Chamber Pressure Test,

-

Time,

z

x=1 14"

11/12"

X =

% = 3/4n

x=T7/12"

x=1/4"

="

Hours x

12.5
123.0
110.0

0
1

13.0
14,
17.

2
3
4

oo
© o

Qo
g =]

113.5
116.0
116.0

4.5

19.5

5
6
7

116.0

0
00

6.0
41.5

44,5

114.5

* 377
.403

8.0

47.5
49

116.0
116.0
116.0

8
-9
10

-458

9.0

11.0

115.0

11
12
13
14

)
< 0

10.0
12.0

o0
0 i~

51.0
53.0

116.0
115.0

.525
. 593
. 275
»995
«635
. 655
+675
T 692
.709
. 728

10.0
10.5
2.

¢.5
13.0

6.0
9.0
15.5

53.0

116.0
116.0

O
oD

4.0
8.0

19.0°

.0
+D
+5

56.5
57

117.0
117.0
116.0

15
16
17
18
19
20
21

13.5

8.0
8.0
8.5

1

24,5

39

15.0

29.0

59

16.0
16.5
18.5

20,0

32.5

0.0

6
6l

116.0
116.0
116.0
115.0

8.0
11.0

21.0
12,5

35.0

.0

26,0

40.0

19.0

42.0 29.0

6

22
23
24

21.0

14,0

66,0 45,5

116.0

30.5

47.5 32.0 14.5 22.5

67.0

115.0

x = temperature probe position, inches

#

]

i
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4
.129
.185
. 229
. 270
.311
.348
«383
.414

17.0
22,9
24.0
24.5.
25.9%
27.0
28.%

gor 2 torr
23.5
18.0
18,0
17.5
17.5
17.0
17.0
16.5
17.5

28.0
31.0
22.5
22.0
22.5
22.5
22.5%
23.0
23.5

27.5
21.0
21.0

120.5
20.5
20.0
19.5
19-30

27.0
27.0
27.0
28.0
28.5
28.5
29.5
30.0
32.5

Chamber Pressure Test, ©F
27.5

Temperature Measurements
x=1/4" x=5/12" x=7/12" x=3/4" x=11/12" x=1 1/4"

Table 15.

22.5 24.0
111.5 64.0
114.0 62.5
113:5 67.0
115.0 72.0
116.0 75.5
115.0 77.0
116.0 79.0..
116.0 81.0
115.5 82.0

x=0

2
3
4
5
6
7
B8
9

o
1

Time,
Hours

. 631
655
.680
L] 706
<736
. 755
L] 777
.801
.820

37.5 26.5 18.5 34,5
. 840

40;
41:

46,0
48
52.0

115.5 89.0

13
14
15

39.0
40.0
42,5
43,5
45.0
45.5

19.0
20.5
22.5
24.5
27,0
30.

2‘6“0 5
26.%
28,5
29.5
31.5
33.5
35.0
38.0

0

0
45.5
48,5
51.5
54,0
57.5
59.5
62.5

- 54.0
55.0
57.5
60.0
62.5
65.0
67.5
70.0
72,0

S,
0

89.°5
116.0 91,0

89,
temperature probe position, inches

115.% 92.0
115.0 92.5
114.0 93.0 -
116.0 96.0
115.0 96.0
114,0 96.5
xX =

115.0
115.0

16
17
18
19
20
231
22
23
24

L

[




Table 16.

3 torr Chamber Pressure Test, torr

Pressure Measurements and Weight Lgss for

153

Time _ : Weight
Houps X=0  x=1/a" x=5/12" x=7/12" x=3/4" loss, z
10Ur'S .
grams
0 0 0
1 3.05 24,7  .l08
2 3.05 37.1  .163
3 . 3.03 3.069 47.1 . 206
4 3.05 3.082 57.8  .253
5 3,03 3.054 66.3  .291
6 3.03 3.058 : 74,6 327
7 2.99 3,112 3.274 ‘82.1 . 361
8 3,05 3.066  3.148 89.0  .390
9 3,07 3.079  3.142 99.4  .436
10 3.05 3.066 3,096 105.1 462
11 3.05 3.059  3.106 - 3.164 111.8  .485
12 3,02 3.029 3,075  3.116 118.7  .520
13 3.05 3.056 . 3.088 3.121 123.8  .543
14, 3,05  3.0% . 3.058 3.121 130.5  .574
15 3.05  -3,05% - 3,060 3.112 135.6 595
16 3.05 3.054  3.058 3.110 3.285% 141.3  .620
17 3.03 3.036  3.034 3.090 3.198 146,3  .645
18. 3,05 3.099 3,074 3.109 - 151.0  .662
19  3.05 3.098 3,072 3.100 3.198 156.7  .687
20 3.03 - 3.039 3,055 .3.086 3.178 161.5 .70%
21 3.03 3.040 - 3.060 3.132 165.8  .728
22 3.01 3,019 3,032 3.060 3.132 169.8  ,745
23 3.05 3,059 3,062 3.096 3.162 174.4  ,766
24 3.07 3.079  3.082 3.116 3.164 178.8 .78l

*

x = pressure probe position, inches
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Tabie 17, Temperature Measurement for 3 torr
Chamber Pressure Test, - oF*

; E;‘:}‘f_‘; x=0  x= 1/4"  x=5/12" x=3/4" x=11/12" x=1 3/8" 2

1 0 28,5 28,0 32.5 28,5 29.5 27.0 0
i 1 122,0 48,0 30.5 27.5 33.0 26.5 .108
2 114,0 46,5 28.5 26.0 32,5 . 30.0 - .163
3 115.0 54,0 28.0 24.5 31.5 29,0 .206
a 116.5 63.5 30.0 25.5 33.0 28,5 .253
5  115.0 68.0 30.0 25.5 . 34,0 28.5 .291
6 116.0 72,0 31.0 25.5 34,5 29.5 .327
7 113.5 73,0 30.0 24,0 34,0 30.0 .361
8 116.5  76.0 31.5 24,5 34.5 31.5 .390
9  114.% 76.5 33.5 24.5 35.0 32.0 .436
10 117.0  79.5 38.0 25.0 35.5 33.0 .462
11 - 115.0 78,5 42,0 24,0 34.5 34.0 .485
| 12 116.0 8.0 43,0 24,5 - 35.5  34.0 .520
| 13 113.0 . 81.0 46,0 26.0 36.5 34.5  .543
14 115.0 82,0 48,0 25,5 36.0 35,0 574
15 115.5 83,0 50.5 27.0  36.5 36.5 595
| 16 113.5 82.5 52.0 28.5 37.0 37.5 .620
k 17 116.0 84,5 53.5 31.0 37.5 37.5 - .645
I 18 115.0 84,5 55.5  34.% 38.0 39.5 . 662
| 19 113.0 84,0 57.0 39.0 39.0 40.5 687
% 20 115.5 87.0 59.5 43,0 40.0 41.0 . 709
i 21 115.0° 87.0 61.5 46.0 40.5 42,5 - ,728
! 22 113.5 86,5 62.0 48.% 40.5 42,5 . 74%
| 23 117.0  90.5 66.0 54,5 43.5 44,0 . 766
24 114.5  89.0 66.0 56.5 44,0 45,0 . 781

I*
x = temperature probe position, inches
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APPENDIX H
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EQUIPMENT AND INSTRUMENT SPECIFICATIONS

Electric¢ Heater

Manufacturer . + « « « « .'. .
TYPE o ¢ ¢ + % o o o o o o« o 5
: Capa C ity .. [ ] a * - L ] - - [ ] L ] [ ] .

Power supply « « « 4 o v v 0

Vacuum Pump

‘Manufacturer . . . + « « & « 4
Model . & & ¢ ¢ & & & & & ....,
Capacity o o ¢ o ¢ ¢ o o o o 2 »
Pump RPM S e e e e e e e e e s
SEAGES o « o o o om0 e o e
HP of MOtOT & o o o 4 o « » +

Power Supply . « « « & « « & 4

Weighing Balance

Manufacturer . . . % ¢« & ¢ & o &«

Model L] * » + L) L] Ll L] * » L) * L] -

Capacity « o o ¢ 4+ ¢ ¢ ¢ o o o &

Minor diViSiO!’l L3 ; .8 0 & & e 0

Illuminated Scale

Maghetically dampened pan

Watlow Electric Company
11" x 15" flat plate
1700 watts

110 velt, 60 cycle

W. M. Welch Scientific Co.
1397 B

375 liters/min. of free air
200 _ _

2

3/4

110 volt, 60 cycle

Mettler Balances Inst. Co.
KST
0-200 grams

1 gram




Absolute Pressure Gage .

Manufacturer .
Model: . . . .
Range . . . .
Minbr_division
Dial Size . .

Accuracy . . .

Differehtial Pressure

* * * -

Manufacturer .

Model . . . .
Range .+ . . .
Minor divisibn
Accuracy . . .
Model . . . .
Range . . . .
Minor division

AcCCuracy . .« .

156

Wallace and Tiernan Company

v

FA-160150

0.1 to 20 torr
0.1 torr
6" diameter |

0.33% of full scale raﬁge

F.W. Dwyer Manufaciuring Co.
No., 200 1/2

0-..0” of water differential
0.01" of water )

1'2% of fuli scale throughout
No.' 200

0-1.0" of water differential

0.2" of water

+ 2% of full scale throughout
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APPENDIX 1

DEFINITION OF TERMS USED IN EQUATIONS

kD(To - Tb)
b (kg - kp)
F c 1 - zc
2) (T - Ty)
1a]_;-(TB - Tb)'
-Lk : .
D c
(1 -f)—==1n [77 (T, - T,) *1] L
kF - kD
kD-
kF(TB - Tb)
_ (kF - kD)
kp
bl(TB -T,) |
a)(Ty - _Ta)
Lk :
D c
(1-f) e ln[ﬁ: (To -T) + 1]
b - a
a, - a
N
Pp b~ p/kD
_D '$— - )
ol in [ﬁ’L (To Tb) + 1]
z%/Ba
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K2(z)

K,(2)

Ll

P

1
3 [bc.lz -

©y

b

1

2
+c X (z) 2ab2 - (c2 + c2b2)

’ c
222 - a(a+cl) In (1 -l‘"'% z)]

Y(z)

(z-zc)

27 %2 3
1n + -
2 X3(zc) 2b-22q'

a%(1 + 8K, )

(62

64 u R

2. -'Iabz)'l/2

- 1n [ tTo -T,) +1)

a

a
2b

+c, Z

1

2
+ czz + bzz

- ¥
2z+c2.r:;.

= %

2

-

2+ cyt q’

1

n Y'(zc) -

b

2
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2.

10,
11.
12.

13,

14.
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