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D R Y I N G  W I T H  V A R I A B L E  D R Y I N G - A G E N T  P A R A M E T E R S  

A. I .  C h u f a r o v s k i i  a n d  M. M. M a k a r o v  UDC 66.047 

This ar t icle  proposes  a new method for simultaneous measurement  of the moisture content 
and tempera ture  of a mater ia l  at a given point, utilizing a pulsed heat source.  

1. In contras t  to the apparatus previously developed for investigating the pa ramete r s  of convective 
drying with variable drying-agent  pa r ame te r s  [1], our new apparatus makes it possible to investigate the 
drying kinetics of damp mater ia ls  with a more rapid rate of pa ramete r  change (temperature and relative 
humidity) for the drying agent and with a b roader  range of Reynolds-cr i te r ion  values. 

Figure 1 is a d iagram of the apparatus.  

Air  f rom fan 1 goes into two pipes of the same c ros s  section: that in one pipe goes to distribution 
unit 4, while that in the other goes to heater  6 and then to unit 4. The hot air  is mixed with cold in the 
distribution unit and one portion goes to the drying chamber  7, while the remainder  is discharged into the 
a tmosphere .  Gate valve 2 se rves  to regulate the amounts of hot and cold air  entering the distribution unit. 
The amount of a ir  is measured  with diaphragms 5 and 5a and type TNZh differential manometers  9 and 9a. 
Screens 8 provide a uniform air  flow speed over  the pipe c ross  section. A type EPP-09  bridge l l w i t h  an 
inductive sensor  measures  and records  the weight of the specimen being dried. A type EPP-09  potentio- 
meter  12 with an auxiliary mechanism measures ,  r ecords ,  and regulates the air  temperature  in the drying 
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Fig. 1. Diagram of apparatus for studying dryingkinet ics  and 
dynamics.  
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Fig, 2. Construct ion of t e m p e r a t u r e - m o i s t u r e  sensor .  1) 
Copper  wi re  with d i ame te r  of 0.3 mm;  2) hea t e r  bow 0.07 
m m  thick; 3) thermocouple  leads  with d i ame te r  of 0.1 
mm;  4) thermocouple  junction; 5) sensor  stop; 6) spec i -  
men. 

TABLE 1. Exper imenta l  and Ca lcu la tedRe-  
sults  for  Determina t ion  of Heated-Zone  
Thickness  

b', % 6.10s m, e x ,  6.103rv. 
lmeriment al calculated 

160 
7 

1,7 
1,7 

1,5 
1,9 

.chamber 7 by changing the posit ion of gate valve 4. A 
type MS-1 br idge 13 m e a s u r e s  and r eco rds  the t e m -  
pe ra tu re  of the wet  t h e r m o m e t e r  in the chamber  and 
feeds i ts  signal to the s e r v o m e c h a n i s m  that d r ives  the 
s t eam blower ,  thus regulat ing the s t eam del ivery .  The 
sensor  is a wet  t h e r m o r e s i s t o r .  A type EPP-09  MZ 
potent iometer  10with special  s enso r s  m e a s u r e s  and r e -  
cords  the t e m p e r a t u r e  and moi s tu re  content of the 
ma te r i a l  at six points s imultaneously.  

A n e c e s s a r y  condition for  modeling of the drying p r o c e s s  is a constant  g rav ime t r i c  flow speed du r -  
ing the exper iment .  During exper imen t s ,  the hydraulic  r e s i s t a n c e s  of the drying chamber  and pipe 15 
are  equi l ibrated by gate valve 3 and m eas u red  by a type TNZh differential  manome te r  14. The a i r  flow 
speeds  beyond the gate va lves  are  adjusted so as to be equal.  All four pipes leading f rom the d is t r ibutor  
4 have the same  c r o s s  sect ion and a re  a r r a y e d  symmet r i ca l l y .  The g r a v i m e t r i c  a i r  flow speed under these 
conditions is  independent of the posit ion of gate valve 4 and constant  during the exper iment .  

The g r a v i m e t r i c  a i r  flow speed before  and af ter  the hea te r  is constant,  so that 

7c~c = ?hwh= const, (1)  

The a i r  mixture  en te rs  the drying chamber  and the amounts  of hot and cold a i r  are  proport ional  to 
the s ize of ape r tu r e s  A and B respec t ive ly  (Fig. 1). 

I t  follows f rom the s y m m e t r y  condition that 

A=A1, B=BI. (2) 

The amount of a i r  enter ing the chamber  is the re fore  

Taking into account Eqs.  (1) and (2), 

Gc= VcWCB1 + ~WhA. (3) 

6 c = %~a(A ~: B). 

Since the sum (A + B) is  constant  and independent of the posit ion of the gate valve,  the g r av ime t r i c  a i r  flow 
speed in the chamber  is constant.  

The t r a c k e r  s y s t em  consis t ing of ins t ruments  11 and 12 and gate valve 4, with a r eve r s ib l e  motor ,  
adjusts  the a i r  t empera tu re  in the drying chamber  in accordance  with the change in the weight of the spec i -  
men being dr ied,  following a re la t ionship  der ived f rom tbe equation for the heat  and mate r i a l  balance of 
of convective drying p r o c e s s  [1]. 
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Fig.  3. D i a g r a m  of ins t rument s  and mechan i sms  for m e a -  
sur ing and record ing  ma te r i a l  t e m p e r a t u r e  and mois tu re  
content. 

The spec imen  is suspended f r o m  f r a m e  19, which is connected to the core  of induction coil 17 and to 
f la t  spr ing 16. When the spec imen  weight  changes ,  the spr ing  bends and the posit ion of the core  is a l tered ,  
being de te rmined  to within 1.5% by br idge  11. The rota t ion of the shaft  of rheochord 11 is  t r ansmi t t ed  
through two identical  pulleys and a s teel  cable to the rheochord  shaft  of potent iometer  12, on which is  a 
two-posi t ion regula tor .  The pulses  f rom the regu la to r  go to the r e v e r s i b l e  motor  4, which moves  the gate 
valve that r egu la tes  the amount  of cold and hot a i r  in the mixture  enter ing the chamber .  

Connecting rods  ] 8, with needle bear ing  21, keep the f r ame  and spec imen f r o m  rota t ing  or  moving 
in the horizontal  d i rec t ion  and also prevent  movemen t  in the ver t ica l  direct ion.  Float  20, which is c o m -  
pletely i m m e r s e d  in liquid, b e a r s  pa r t  of the f r ame  and spec imen  weight (a port ion that r e m a i n s  constant  
during the exper iment ) ,  thus re l iev ing  spr ing 16 and prevent ing la rge  deformat ion  and dis tor t ion of the 
readings .  

The appara tus  can be used to s imula te  a through-flow reg ime  (the a i r  t e m p e r a t u r e  is reduced as the 
spec imen  weight  d e c r e a s e s ) ,  a counterflow reg ime  (the t e m p e r a t u r e  is  r a i s ed  as the spec imen  weight 
d e c r e a s e s ) ,  and va r ious  combinat ions  by switching the leads  f r o m  coil 17 to bridge 11. The max imum 
deviat ion of the a i r  t e m p e r a t u r e  in the drying chamber  f rom the p resen t  level  was  found to be 2.4%. 

The heat  insulat ion of the drying chamber ,  which has  a c r o s s  sect ion of 0.23 • 0.3 m, cons i s t s  of 
five Dura lumin s c r e e n s ,  which p e r m i t  a reduct ion in the the rmal  iner t ia  of the chamber .  The max imu m 
poss ib le  ra te  of change in the a i r  t e m p e r a t u r e  is  330~ during heat ing and 280~ during cooling. 
Reynolds number  of up to 45,000 can be obtained in the drying chamber ,  

2. In studying the drying of var ious  m a t e r i a l s ,  i t  is of g rea t  scient i f ic  and prac t ica l  in te res t  to make 
a joint ana lys i s  of the t e m p e r a t u r e  and humidity f ields,  for  whicb purpose  the following conditions must  be 
met:  

1) the t e m p e r a t u r e  and ma te r i a l  mois tu re  content mus t  be m e a s u r e d  a lmos t  s imultaneously;  

2) the s e ns o r s  inse r ted  in the spec imen  mus t  not affect  the course  of the p roces s ;  

3) the ins t rument s  and m e c h a n i s m s  mus t  have the requis i te  rapid action; 

4) the s e ns o r s  must  be mechanica l ly  s t rong,  re l iab le ,  and durable;  

5) the convers ion  of the ins t rument  readings  to t e m p e r a t u r e s  and mois tu re  contents must  be a s imple  
p rocedure .  

Most publicat ions dealing with p rob l ems  of heat  and mois tu re  t r a n s f e r  in d i spersed  solids have been 
devoted to analyt ic  desc r ip t ions  of the p r o c e s s e s  that take place.  Exper imenta l  invest igat ions of hyd ro -  
the rma l  f ields have been conducted with methods that do not fully sa t is fy  the above r equ i remen t s .  The 
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Fig. 4. Experimental  (dots) 
and calculated (curve) func-  
tions At = f(U). 

local moisture contents were  determined by gravimetr ic  analysis of 
samples taken from given points [2]. A method has been devised for 
determining the average l a y e r - b y - l a y e r  moisture  content by gamma-  
scopy [14]. 

A survey of the l i te ra ture  on moisture  measurements  in dispersed 
solids [3-5, 10-13] led to the conclusion that the most  suitable method 
for determining of local moisture  content is that based on the depen- 
dence of the thermophysical  charac te r i s t i c s  of a material  on its mo i s -  
ture content. 

We attempted to devise a t e m p e r a t u r e - m o i s t u r e  sensor  and a 
sys tem of auxiliary inst ruments  and mechanisms for experimental  
determination of the hydrothermal  fields during drying of capi l la ry-  
porous colloidal solids that would satisfy the above requirements .  

Figure 2 shows a t e m p e r a t u r e - m o i s t u r e  sensor  consist ing of a 
flat Nichrome bow 2 soldered to copper leads 1 and a N i c h r o m e - c o n s t a n -  

tan thermocouple 3 coated with enamel insulation. The thermocouple junction 4 is connected to bow 2 with 
a piece of Nichrome wire .  The entire sensor  is cemented with heat and moisture res is tant  cement  and is 
a fiat monolithic rod. The lead exits are  sheathed in Teflon film, which produces the protuberance 5; the 
la t ter  se rves  as a stop. 

The efficiency of sensor  operation was checked by measur ing  the moisture content of f i l ter  paper.  
Sensors  were  inserted between the l aye rs  of a stack of fi l ter  paper 6, as shown in Fig. 2. In order  to 
ensure good contact between the sensor  and paper,  the stack was compressed  f rom above with a uniformly 
distributed weight that created a p ressu re  of 1000 N /m 2. 

Figure 3 is a d iagram of the ins t ruments  and mechanisms used to measure  and record  temperature  
and moisture  content at six points simultaneously (with six t e m p e r a t u r e - m o i s t u r e  sensors) .  The sensor  
heating element 2 is supplied with d i rec t  cur rent  f rom rect i f ier  5, which is supplied with 6 V current  
through stabil izer  1 and t r ans fo rmer  4. The cur ren t  in the heating element is regulated with rheostat  6 
and measured  with ammete r  7. The emf f rom thermocouple 3 is measured  and recorded by potentiometer  
10, which has a scale reading f rom 293 to 423~ Successive activation of the heaters  2 of the sensors  is 
affected with six pai rs  of normal ly  open contacts 13, which are closed by cam 8, which is mounted on the 
shaft of a DR-1 servomechanism 9 and makes one rotation every 67 see. Cam 8 provides a pulse duration 
of 2-2.2 see. Mounted on the same shaft as cam 8 is cam 11, which closes normally open contacts 12 to 
connect the thermocouple of the appropriate sensor  to potentiometer  10. Cam 11 provides for simultaneous 
opening of one pair  of contact and closing of another,  connecting in the thermocouple of the next sensor .  
Cam 8 is shifted with respec t  to cam 11 in such fashion that the thermocouple is switched in f i rs t  and a 
cur ren t  pulse is then applied to the heating element of the corresponding sensor;  the current  is then d is -  
continued while the thermocouple remains  hooked into the circui t  for a short  time. 

Potent iometer  10 (Fig. 3) r ecords  a curve whose left-hand end charac te r izes  the material  t empera -  
ture before application of the cur ren t  pulse, while the amplitude of the temperature  peaks charac te r izes  
the moisture  content in the material  adjoining th e heating element, a region of very small size (up to 3 mm 
in diameter) .  

Figure 4 shows the tempera ture -peak  amplitude as a function of moisture content, as determined 
experimentally.  

Calibration was conducted with a cylindrical  specimen assembled f rom individual round sheets of 
f i l ter  paper (type F - l ,  GOST 7246-54). The specimen moisture  content was determined to within 0.5~ 
(with respec t  to dry weight) by the grav imet r ic  method. In order  to avoid changes in moisture content 
during measurement  of the temperature  peak, the specimen was placed in a special hermet ical ly  sealed 
beaker.  

The experiments  conducted to check the influence of a temperature  sensor  on the measurement  
stability during prolonged operation showed that the temperature  peaks remained constant when the speci -  
men mois ture  content was unchanged. The material  tempera ture  in the measurement  region dropped to 
the initial level before the next thermal pulse was applied, which indicates complete dissipation of the heat 
l iberated through the surrounding mater ia l  during the period between pulses.  
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The width and length of the pu l sed-hea t - so~rce  region were  commensurable  and it approximated in 
shape to a round plate with a radius p = 9.10 -4 m (see Fig. 2). 

The t empera tu re  at the center  of a pulsed source  of c i r cu la r  shape can be calculated f rom the fo rmu-  
la [6, 9] 

1 
At-- ---~- - -n-- -  2 " 

The applicabili ty of this formula  to the sensor  under investigation was determined f rom the graph 
given by Dul 'nev and Semyashkin [7]. 

The depth of the zone in which the mater ia l  was heated to 5% of the tempera ture  at the center  of the 
heat  source  at the end of a pulse was de termined exper imenta l ly  with a ba t te ry  of thermocouples .  

The measu remen t  resu l t s  were  compared with those calculated f rom the formula [7] 

6 ----- 2,36 ]/-a-~p (4) 

and are  given in Table 1, f rom which it can be seen that the depth of the zone in which the f i l ter  paper  was 
heated did not exceed 2 mm for mois ture  contents of f rom 7 to 160%. 

The t empera tu re -peak  ampli tudes were  calculated f rom Eq. (3). The specif ic  power of the heating 
e lement  was de termined exper imenta l ly  f rom the cu r r en t  and voltage. The thermophysical  p roper t i es  of 
the mater ia l  in the heated zone were  assumed to be those for the average zone tempera ture  [8]. The maxi-  
mum deviation of the exper imental  t empera tu re  d i f ferences  f rom the calculated di f ferences  was 12%. 

Yc, Yh 
At 
q 
~2 

Tp 

p 
6 
U 

We, w h 

NOTATION 

specif ic  gravi t ies  of cold and hot a i r  respect ively;  
t empera tu re  difference;  
hea ter  power per  unit surface  area;  
thermal  diffusivity of damp mater ia l ;  
pulse duration; 
thermal  conductivity of damp mater ia l ;  
radius (a rb i t ra ry)  of heating element;  
thickness of damp mater ia l ;  
mois ture  content of mate r ia l ,  % of dry  weight; 
l inear ' f low speeds of cold and hot a i r  respec t ive ly .  
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