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A t h e r m o d y n a m i c  m e t h o d  i s  p r o p o s e d  fo r  the  c a l c u l a t i o n  of the  s p e c i f i c  i s o t h e r m a l  m a s s  c a p a c i t y  
and t h e r m a l - g r a d i e n t  c o e f f i c i e n t  of a c o l l o i d a l  c a p i l l a r y - p o r o u s  body in a h y g r o s c o p i c  r e g i o n ,  
t ak ing  into  accoun t  a d s o r p t i o n ,  c a p i l l a r y ,  and o s m o t i c  m o i s t u r e .  

By d e t e r m i n i n g  the  m a s  s - t r a n s f e r  p a r a m e t e r s  c m and 6~ of a c a p i l l a r y - p o r o u s  body  as  a func t ion  of  the  }. 
m o i s t u r e  con t en t  ( for  T = cons t ) ,  the  f o r m  of  b inding  of  the  m o i s t u r e  wi th  the  m a t e r i a l  can  be  a n a l y z e d  and 
the  m a t e r i a l  can  be  c l a s s i f i e d  a c c o r d i n g  to  i t s  c o l l o i d a l - p h y s i c a l  p r o p e r t i e s .  

The  d e p e n d e n c e  Cm(U)T and bp(U)T can  be d e t e r m i n e d  f r o m  s o r p t i o n  and d e s o r p t i o n  i s o t h e r m s ,  but  t h i s  
i n v o l v e s  g r a p h i c a l  d i f f e r e n t i a t i o n  of the  c u r v e s  of u (~)T and ~ (T)u , which  i s  l a b o r i o u s  and i n s u f f i c i e n t l y  
a c c u r a t e .  

T A B L E  1. Spec i f i c  I s o t h e r m a l  M a s s  C a p a c i t y  and T h e r m a l -  
G r a d i e n t  C o e f f i c i e n t s  f o r  Wood and C e l l u l a r  C o n c r e t e  A c c o r d i n g  to  
the  BET Equa t ion  in  the  A d s o r p t i o n - M o i s t u r e  Reg ion  
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Fig. 1. Dependence of t h e r m a l - g r a d i e n t  coefficient  6p, 
(OK) - i ,  on the specif ic  mo i s tu r e  contentu,  k g / k g ,  ofwood 
at var ious  t e m p e r a t u r e s ,  ~ 1, 1') T = 253.16; 2, 2') 
273.16; 3, 3') 293.16; 4, 4') 313.16. 

In [4], analyt ical  exp re s s ions  for  the coeff icients  c m and 6p were  obtained in the fo rm of functional 
dependences on the specif ic  m o i s t u r e  content and t e m p e r a t u r e :  

B o T n ' - '  uS ' 
Cm ~- R 

6p = l - -  n 1 1 - -  n 1 -  n~ u s = ~ u  - [~u ~, 

- -  " T u -4- uc0Tn~+~ 

w h e r e  

(1) 

(2) 

nl --  1 nl + n~ - -  1 
a -  - - ,  6 -  (3) 

T Uco Tn~+l 

The s tar t ing  point for  the der ivat ion of Fqs.  (1)-(3) is  Posnov '  s e m p i r i c a l  fo rmula  [3] 

1 1 
4- BIn % (4) 

// //c 

cor responding  to a smooth i s o t he rm  U@)T, c h a r a c t e r i s t i c  for  a colloidal  c ap i l l a ry -po rous  body in the p re sence  
of pc lymolecu la r - adso rp t ion ,  cap i l la ry ,  and osmot ic  mois tu re .  Graphica l  dependences of 6p on u, cons t ruc ted  
in accordance  with Eq. (2) and on the bas i s  of expe r imen ta l  adsorpt ion i s o t h e r m s  of wood and ce l lu la r  concre te  
[2], a r e  shown in Figs. 1 and 2. 

In Figs .  1 and 2, the cu rves  of 6p(u)T obtained by graphica l  t r ea tmen t  of expe r imen ta l  desorpt ion i so -  
t h e r m s  a re  shown as continuous l ines,  while those ca lcula ted  f rom Eq. (2) a re  shown as dashed lines. 
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Fig. 2. Dependence of t h e r m a l - g r a d i e n t  coeff ic ient  
6p, (~ - I ,  on the specif ic  m o i s t u r e  content, u, kg /  
kg, of ce l lu la r  concre te  at var ious  t e m p e r a t u r e s ,  ~ 
i ,  i ' )  T = 233.16; 2, 2') 253.16; 3, 3') 273.16; 4, 4') 
293.16; 5, 5') 313.16. 
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Fig. 3. Dependence of ( i / u ) [ 9 / ( l - - ~ ) ]  
different  t e m p e r a t u r e s ,  ~ i ' )  233.16; 
333.16. 

Fig. 4. Dependence of Ink  u and Urn, k g / k g ,  
concre te  (3, 4). 
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Fig. 4 
on ~p for  wood (a) and ce l lu la r  concre te  (b) at 
1) 253.16; 2) 273.16; 3) 293.16; 4) 313.16; 5) 

on T, ~ for  wood (1, 2) and ce l lu la r  

As a l ready noted in [4], t he re  a re  s e v e r a l  d i sc repanc ies  between 6pca lc  and 6p graph,  m o s t  notably in 
the region of high m o i s t u r e  content cor responding  to q c lose  to 1 and in the t e m p e r a t u r e  range  T ~ 233-237~ 
This  indicates  that the different  f o r m s  of binding of m o i s t u r e  have a cons iderable  effect  on the coeff ic ients  
c m and 6p, and this effect  cannot be comple te ly  taken into account by the single e m p i r i c a l  re la t ion  in Eq. (4), 
which is valid only in the limited region 0.I < ~0 < i. 

Therefore, it is of interest to determine analytical dependences Cm(U , T) and 6p(U, T) by differentiation, 
taking into account the forms of binding of the moisture with the material. 

In the region of adsorption moisture, the isotherm of polymolecular adsorption is often described by the 
BET equation [6] 

1 qD 1 k ~ - -  1 
- f f  " 1--  ~ kaum + kaU m '9, (5) 

where  k a = exp[(Q a --Q0)/RT]. 

On the bas is  of Eq. (5) and the express ion  for  the chemica l  potent ial  

,a = RTln% 

the coeff ic ients  Op(U, T) and Cm(U, T) can be de te rmined  in the adso rp t ion -moi s tu re  region. 

Af te r  appropr ia te  r e a r r a n g e m e n t s ,  Eq. (5) g ives  

U kJL m 

1 
2 u - -  = 2U + kau,~-- kou + V k~ (u u~)~+ 4k~,uu,~. 

r 

On the bas i s  of Eqs. (6), (7), and (8), expres s ions  can be wri t ten for  the specif ic  i so the rma l  m a s s  
capaci ty  Cm, the t e m p e r a t u r e  coeff icient  (d/~/dT)u, and the t h e r m a l - g r a d i e n t  coefficient  5p'; 

C m = -- F, 
r RTk<,um 

(6) 

(7) 

(s) 

(9) 

O~ ~ 2 u + k ~ u  m - k ~ u + P  
] ~ = - -  R ln 2u 

k~u - -  k~u m + 2 u., - -  P dk~ k~ du., 
+ R T  2(k a -  1) dT F d---T- ' (lO) 

1 0 2 7  



where 

u Fin 2 u - q - k " t b n - - k ~  
6v = k~Tu  m 2u 

, u kau - -  leau m q-  2tt m - -  1" dle a u dumm 
~ ( -  - -  t 

k~u,n . 2 (k  a - -  1) d T  u m d T  

(11) 

f = V k~ (u - u,.) 2 + 4k~uu,,, .7 

Thus,  Eqs.  (9) and (11) a r e  functional dependences of the specif ic  i so the rma l  m a s s  capaci ty  and the 
t h e r m a l - g r a d i e n t  coeff icient  on the mo i s tu re  content and t e m p e r a t u r e  in the region of p o l y m o l e c u l a r - a d s o r p -  
tion mois tu re .  As follows f rom Eq. (11), the dependence 6 p ( T ) u i s m a i n l y d e t e r m i n e d b y t h e t e m p e r a t u r e  
dependences k a ( T  ) and Um(T ). 

In o rde r  to use Eqs.  (9) and (11) for  the m a t e r i a l s  studied in [4] (wood and ce l lu la r  concre te) ,  i t  is  
n e c e s s a r y  to ver i fy  that the BET equation is  val id for  the i r  i so the rm u@) T. According to the BET equation, 
me  dependence of ( 1 / u ) [ r  ~)] on q~ is a s t ra igh t  line. 

F r o m  the given desorpt ion i s o t h e r m s  of wood and ce l lu la r  concre te ,  g raph ica l  dependences of ( l /u)  
[ ~ / ( 1 - r  b). These  g raphs  a r e  s t ra ight  l ines,  and hence it is obvious that the BET 
equation is sa t is f ied fo r  the invest igated m a t e r i a l s  in the range ~ ~0 .1 -0 .4 .  The coeff icients  k a and u m a re  
de te rmined  graphica l ly  at  d i f ferent  t e m p e r a t u r e s .  

As shown in Fig. 4, the t e m p e r a t u r e  dependences of In k a (T) and Um(T ) a r e  given by 

In k a ~ A o - -  s o T ,  (12) 

u, ,  = B o ~[~o T .  (13) 

The de r iva t ives  d k a / d T  and dum/dT appear ing in Eq. (11) may  be de te rmined  f rom Eqs. (12) and (13): 

dk~, = _ aok,  ' (14)  
d T  

d u n  = - -  ~o" (15) 
d T  

The values  of a o and ~o a re  de te rmined  graphica l ly  f r o m  Fig. 4: 

a 0wood = 0.0t83; %c.conc = 0.0196; 

~owood = 0.0002; ~o c.conc = 0.00011. 

Taking into account Eqs. (14) and (15), Eq. (11) for  the t h e r m a l - g r a d i e n t  coefficient  takes  the f o r m  

u 2u  § le~u~ - -  kou & 1" 
6 v = - -  F In 

kaTu  m 2u 

_ _  ~ _ _  U (16) u k~u - -  kau,. + 2u.,  - -  F ~ o - -  - -  ~o" 

k~ur~ 2 (k,~ - -  t )  u m 

F r o m  Eqs. (9) and (16), values  of z m and 6p were  de te rmined  for  wood and ce l lu l a r  concre te  in the region of 
po lymolecu la r - adso rp t ion  wa te r  at var ious  t e m p e r a t u r e s .  The r e su l t s  obtained a re  shown in Table  1. 

As is  evident f rom Table  1, Eqs. (9) and (16) p red ic t  that,  in the region of po lymoleeu la r -adsorp t ion  
mo i s tu re ,  the specif ic  i s o t h e r m a l  m a s s  capaci ty  and the t h e r m a l - g r a d i e n t  coeff icient  of wood and ce l lu la r  
concre te  will i n c r ea s e  with i nc r ea s e  in m o i s t u r e  content and t empera tu re .  However ,  calculat ion according to 
Eq. (2) indicates  pr inc ipa l ly  an insignificant  i nc rea se  in 6p(T)u. Hence,  Posnov ' s  equation [3], on the bas i s  
of which Eq. (2) was der ived,  is not en t i re ly  re l iab le  in the region of smal l  u, ~0. However ,  i t  should be noted 
that  the t e m p e r a t u r e  var ia t ion  6p(T)u is smal l ,  and the use  of Eq. (2) for  approx imate  e s t i m a t e s  of the mean  
value of 6p is  acceptable .  Since the BET equation i s  not c o r r e c t  for  ~o >_ 0.4 for  the inves t iga ted  m a t e r i a l s ,  
Eq. (16) m a y  only be used  when u is  smal l .  

In the c a p i l l a r y - m o i s t u r e  region,  the mo i s tu re  content of the body may  be de te rmined  f rom the fo rmula  
[1] (for a nonswelling cap i l l a ry -po rous  body) 

~m 

u =  Vz f f~(r) dr=23L fo(r) r. 
70 �9 70 

re 

(17) 
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The m e a n  p o r e  r ad ius  m a y  be e x p r e s s e d  by the T h o m p s o n  f o r m u l a  

Then Eqs.  (17) and (18) g ive  

o r  taking into account  Eq. (6) 

r 2v,~ cos  0 
= i 

RT In - -  
tp 

2Mr, (r) ~ cos 0 
u = -- "foRT In 

2Mf~ (r)  cr cos  0 
U ~  

~oF 

and hence  

(18) 

(19) 

(20) 

On the bas i s  of  Eq. 
r eg ion  is de t e rmine d :  

2Mf~ (r) ~ cos 0 
?ou 

(21) 

(21), the spec i f ic  i s o t h e r m a l  m a s s  capac i ty  of the body in the c a p i l l a r y - m o i s t u r e  

[ 0 u ' ~  70 uS= 
c,, = \OF} 2M~f~ (r) cos O r = (22) Kcap uz. 

Acco rd ing  to Eq. (22), the t e m p e r a t u r e  dependence  of c m is  d e t e r m i n e d  by the t e m p e r a t u r e  dependence  
of the s u r f a c e  tens ion  ~, which (in the f i r s t  approximat ion)  d e c r e a s e s  l i nea r ly  with i n c r e a s e  in T: 

o" = % - -  ~z~T. (23) 

Thus, 
temperature, which agrees with Eq. (i). 

Similarly, differentiating ~ in Eq. 
temperature coefficient 

in the c a p i l l a r y - m o i s t u r e  region,  the spec i f ic  i s o t h e r m a l  m a s s  capac i ty  r i s e s  with i n c r e a s e  in 

(21) with r e s p e c t  to T with u = cons t ,  f o r  cr as  in Eq. (23), g ives  the 

( OF ) ~  . =  2c~nM[t,(r) cos07o  u (24) 

On the bas i s  of Eqs.  (22) and (24), the value of the t h e r m a l - g r a d i e n t  coef f ic ien t  in the c a p i l l a r y - m o i s t u r e  
r eg ion  is wr i t t en  in the f o r m  

6p-- ~u (25) 

F r o m  Eq. (25), i t  fo l lows that  fo r  a f ixed value of the m o i s t u r e  content ,  in the c a p i l l a r y - m o i s t u r e  region,  
the value of 0p should r i s e  with i n c r e a s e  in T. 

It  r e m a i n s  to comple t e  the ana lys i s  by a s i m i l a r  c o n s i d e r a t i o n  of the o s m o t i c - m o i s t u r e  region.  

The body, as  it a b s o r b s  liquid, has  a swel l ing p r e s s u r e  s i m i l a r  to the o smot i c  p r e s s u r e  of a d i s so lved  
m a t e r i a l  [5, 7]: 

Cd RT + AdC2 d, i26) Pswel -- M 

where  c d is the concen t r a t i on  of d ry  m a t e r i a l  in the liquid, the i n v e r s e  of the m o i s t u r e  content  of the body: 

7d (27) 
C l - -  

U 

and A d is  a coef f ic ien t  depending on the na tu re  o f  the solvent.  

[1], on the bas i s  of the usua l  t h e r m o d y n a m i c  equat ions ,  a r e l a t ion  was  e s t ab l i shed  between the swel l -  
ing p r e s s u r e  and the r e l a t i ve  vapo r  p r e s s u r e  of the g iven l iquid in the f o r m  
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RT 
Psswel~ M ~,l lnq~. (28) 

In the hygroscopic region, Eqs. (6) and (28) give 

RT RTM'~d (29) 
A l - -  ~t u u s 

Substituting Eq. (27) into Eq. (29) and per forming  the appropria te  differentiat ion gives the specific i so thermal  
mass  capacity of the body and the t empera tu re  coefficient  in the osmot ic -mois tu re  region: 

u" (30) C m ( 
~ ) --0-T-- . . . . . .  (31) 

u ~ U U ~ U 2 O T  

(30) and (31), the the rmal -g rad ien t  coefficient  in the osmot ic -mois tu re  region Thus, s tart ing f rom Eqs. 
can be wri t ten in the fo rm 

OAd I u Ru-[- AdRMyI -',-- RTM7I -~- -]  
6p -~ - -  (32) 

�9 OAd 2AdMYl ~ u ) RT (uMTl Ou 

F r o m  Eq. (32) it follows that for  u = const  the the rmal -grad ien t  coefficient  dec rea se s  in absolute value with 
inc rease  in t empera ture .  

In a colloidal  cap i l l a ry-porous  body, all of the cons idered  fo rms  of binding mois tu re  are  present .  

The t empera tu re  dependence 5p(T)u in Eq. (2), obtained on the basis  of Posnovrs equation [3], is in the 
main cha rac te r i s t i c  of osmotic  mois ture .  This is  because the dependence 6p(T)u was de termined  on the basis 
of empi r ica l  dependences ue(T ) and B(T) for  the cons idered  body, and the value of u c cor responds  to ~o = 1, 
i . e . ,  to the osmot i c -mois tu re  region. Ther~fe-e ,  once again, there  a re  d iscrepancies  between the curves  of 
6p(u, T) obtained f rom Eq. (2) and those obtained by graphical  t rea tment  of i so therms .  

F r o m  curves  of 6p(U, T) obtained by graphical  t rea tment  of desorpt ion i so therms  of the investigated 
body, it  is  evident that fo r  u = const  the change in 6p with change in t em p e ra tu r e  is  insignificant. This is 
because capi l lary  mois tu re  and osmotic  mois tu re  have opposite effects  on the t empera tu re  dependence of the 
the rmal -g rad ien t  coefficient,  as is apparent  in Eqs. (25) and (32). There fore ,  when both capi l lary  and 
osmotic  mois tu re  a re  p resen t  in the colloidal body, both inc rease  and dec rease  of 6p(T)u in this region a re  
possible,  and a c l ea r ly  expres sed  t empera tu re  dependence 6p(T)u indicates a predominance of e i ther  capi l lary  
or osmotic  mois tu re  in the body. Thus, Eqs. (30) and (32) may be used to explain the effects  of different  
fo rms  of binding of mois tu re  in modifying the dependence of the m a s s - t r a n s f e r  coeff icients  on t empera tu re  
and mois tu re  content. 

N O T A T I O N  

~, chemical  potential;  R, un iversa l  gas content; T, absolute t empera tu re ;  q~, re la t ive  humidity of air;  
u, specific mois tu re  content; uc, maximum hygroscopic  mois tu re  content; B 0, uc0, n 1, n 2, coeff icients  in- 
dependent of t empera tu re ;  Um, moi s tu re  content of body at total  monolayer  filling; Q a, heat of adsorption of 
f i r s t  layer ;  Q0, latent heat of vaporizat ion of l iquid-phase adsorbing mater ia l ;  Cm, specific i so thermal  mass  
capacity;  5p, the rmal -g rad ien t  coefficient;  fv(r),  d i f ferent ia l  curve  of radial  pore  distribution; r 0, r m, ~, 
minimum, maximum,  and mean pore  radius;  M, molecu la r  mass  of mater ia l .  
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E X P E R I M E N T A L  D E T E R M I N A T I O N  O F  P A R A M E T E R S  

O F  A P L A S M A  J E T  

A. S. S a k h i e v ,  G.  P .  S t e l ' m a k h ,  
E .  I .  R y a b t s e v ,  V.  A.  K o s a r e n k o v ,  
V. P .  S h u m c h u k ,  a n d  N. A.  C h e s n o k o v  

UDC 533.9.07 

Exper imental  resu l t s  f rom the diagnostics of argon p lasma flows used for  an ablation invest iga-  
tion of ma te r i a l s  in the range of Mach numbers  M-< 3.5 and decelerat ion enthalpy up to 7,000 
k c a l / k g  are  presented.  A schematic  diagram of the equipment and the procedure  of m e a s u r e -  
ments  are  given. 

Ablation investigations of different ma te r i a l s  under the action of h igh-energy flows, in par t icular ,  p lasma 
jets,  have been extensively used in r e s e a r c h  prac t ice  [1, 2]. In all the cases  it is very  important  to organize 
p lasma flows (of a high-enthalpy gas) with uniform distributions of p r e s su re  and tempera tu re  (enthalpy) over 
the c r o s s  section of the flow in the zone of its action on the sample, and to determine the region of the flow for  
placing the sample. This information can so fa r  be obtained only f rom experiment.  

In the present  work we give the resul ts  of such measuremen t s  obtained during the study of the behavior 
of samples  in high-enthalpy supersonic flows. 

In [3, 5] resul ts  of the rmal  and e lec t r ica l  measuremen t s  are presented;  these measuremen t s  were 
ca r r i ed  out on p lasmotrons  with a segmented channel operating with argon and intended for  creat ing high- 
energy flows. 

The overal l  scheme of the gasdynamic bench is shown in Fig. 1. After  heating in the p lasmotron channel 
and passing through the damping chamber  the operating gas flow enters  the nozzle device (8) and flows out of 
the nozzle in the form of a supersonic  p lasma jet (10) into the operating vacuum chamber  (1). The required 
p r e s s u r e  in the operating chamber  is maintained with the use of a VN-300 vacuum pump (3). 

The damping chamber  with 50 mm diameter  and 70 mm height is placed immediately  after  the discharge 
channel of the plasmotron;  its d iameter  is 20 mm and it is wate r -cooled  just as the section of the p lasmotron 
channel. The use of the damping chamber  makes  it possible to ensure mixing of the flow at the  entrance into 
the nozzle and to obtain a p lasma flowwith sufficiently uniform distribution of the pa r ame te r s  along its section 
in the operating vacuum chamber  behind the nozzle. The diameter  of the c r i t i ca l  section of the operating 

TABLE 1. Operating Regimes of the P lasmot ron  

Regime qo, To, so, 
number /,A .~, kW n, % Po,torr 6,g/sec kcal/m: kcal/kg kcal/kg 

170 
300 
400 
500 
600 
700 

24 
33 
43 
54 

41 
35 
34 
32 
32 
32 

32 
23 
23 
24 
28 
29 

0,8 
0,8 
0,85 
O, 85 
0;9 
0,9 

630 
1400 
2000 
2800 
3300 
4000 

1000 
1700 
2300 
3000 
4000 
4300 

2100 
3000 
3900 
t900 
5900 
7100 
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