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ABSTRACT 

A scheme o f  a u t o m a t i o n  o f  a t h e r m o g r a v i m e t r y  appa ra tus  is descr ibed which  
was  deve loped  with  the  fac to r - jump m e t h o d  in mind .  Tempera tu re ,  pressure  and  
flow rates o f  two gases are  cont ro l led ;  all c o m p o n e n t s  except  the furnace  are  c o m m e r -  
cially available.  This  pape r  describes the details o f  the a u t o m a t i o n  scheme a n d  
provides  da t a  on  the  qual i ty  o f  its pe r fo rmance .  The  scheme includes a min i -compute r ;  
if  no  f eedback  is requi red ,  a r ecord ing  c o m p u t e r  t e rmina l  can  be used instead.  

INTRODUCTION 

This  pape r  d o c u m e n t s  the details a n d  pe r fo rmance  o f  a u t o m a t i o n  des igned  to 
i m p l e m e n t  " f a c t o r - j u m p "  t h e r m o g r a v i m e t r y  1. A n  overview o f  the  scheme has  been 
given in  ref. 2. 

I n  its s implest  form,  fac to r - jump the rmograv ime t ry  consists  o f  subject ing a 
sample  to  a series o f  p la teaus  in t empera tu re ,  du r ing  each  o f  which  the weight  loss o f  
the sample  is r e c o r d e d  cont inual ly .  The  t rends  o f  t empera tu re  a n d  weight  wi th  t ime 
are  then  ex t rapo la ted  to  a c o m m o n  t ime,  b e t w e e n t h e  end ing  o f  one  p la teau  a n d  the 
beg inn ing  o f  the  next,  to  give t empera tu re ,  weight  a n d  ra te  o f  weight  loss values o f  Tt ,  
w 1, r I for  the  first p la teau ,  a n d  T 2, WE, r2 for  the second.  The  quant i t ies  7"1, w I a n d  r t 
a re  the  values ob t a ined  w h e n  the sample  has  been kep t  at  t empera tu re  T~; similarly,  

t h e  quant i t ies  7"2, w2 a n d  r 2 are  the values  ob ta ined  w h e n  the sample  has  been  kept  at  
t empera tu re  T2. These  quant i t ies ,  the  gas cons tan t  R, a n d  the  Ar rhen ius  equa t ion  r = 
h e  - E I R r  a r e  u s e d  t o  prov ide  a n  ac t iva t ion  energy  

Ei  = R (T,  T2) l n ( r l / r 2 )  (1) 
( T t -  T2) 

a t  t ime  ti, o r  extent  o f  reac t ion  Ci. U p  to --- 30 ac t iva t ion  energies m a y  be ob ta ined  
f r o m  one  sample.  

T h e r m o g r a v i m e t r y  was  chosen  for  the  first imp lemen ta t i on  o f  the  fac to r - jump 
m e t h o d  because  it is a s imple  t echn ique  wh ich  provides  kinet ic  i n fo rma t ion  o n  the  
deg rada t i on  Of b o t h  soluble a n d  insoluble  samples  in  any  c o n d e n s e d  form,  including,  
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for example, such specialized forms as foams. The factor-jump method  was devised to 
enable us to take advantage of  several aspects: (i) only one sample is used so that  
comparison between two samples with disparate thermal histories is avoided, (ii) no 
long extrapolation over atypical regions to initial rates is necessary, (iii) the initial and 
final sample weights are not  needed to calculate an activation energy (al though t h e y  
are needed to relate the activation energy to a "'degree o f  conversion" or "'extent of  
reaction"),  ( iv ) the  extent of  dominance of  a particular combinat ion of  processes, as 
indicated by the consistency of  their overall activation energy, can be explored over 
the course of  the experiment or over a wide range of  conditions and, conversely, 
(v) the weight-loss reactions can be studied under  a narrow range of  conditions, 
especially in temperature, simply by alternating between the two sets o f  condition- 
specifying values. 

The repeated changing of  conditions in the factor-jump method  suggests a need 
for automation.  The pros and cons of  experiment automat ion and computerization 
have been debated many times. Here we summarize a few pertinent points. Because of  
their complexity, au tomated  experiments are often difficult to assemble, troubleshoot 
and repair. The increased performance brings new problems previously either insig- 
nificant, unknown or ignored, and the warranties, guarantees and  length of  periods of  

sus ta ined high performance in state-of-the-art equipment  are strikingly short. The 
equipment  is expensive but  may be worthwhile if it enables measurements to be made 
more precisely, faster or for the first time. One problem with this kind of  approach is 
that  it is very difficult to make corrections in a pre-conceived fashion for some 
discontinuity in the data which is sometimes obvious to the eye. Also, the designer will 
often notice that  only he can or wants to operate his creation. 

Among  the advantages of  experiment automation, even without  computer  
control, are the facts that the data can easily be read a n d  stored, digital information is 
available for further machine processing, the apparatus can operate with a greater 
at tention span while committ ing few or no transcribing errors, and operator errors 
are fewer because the operator has less to do. In general, the machine will have a 
quicker~ more sustained response and  will be able to use a standardized procedure to 
controI, vary and read many factors probably with higher precision and with signal- 
averaging reiteration if necessary to improve signal-to-noise ratios. Measurements to 
constant precision can provide a performance uniform throughout  the experiment. 
Also, one intends that  the productivity and/or  precision will be increased. 

The disadvantages of  computer-controlled automat ion are that  programming 
is very time consuming (up to 90 70 of  the total cost), the programs are rarely bug-free 
and the additional computer  equipment  seems expensive in absolute terms al though 
mini-computers are actually remarkably inexpensive. The advantages of  computer  
control  include: essentially no computat ional  mistakes are made  (other than those 
resulting from errors in programming logic), estimates of  precision become more 
tractable, measurements can be obtained to constant precision via feedback, and  
derived quantities can often be calculated in real t ime and their precision estimated so 
that  the performance can be easily moni tored and modified to be more uniform 

? 
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during the experiment. Complex procedures become feasible and the experimental 
procedure becomes flexible. 

The limits become those of  money for the equipment,  and of  available time in 
manhours  for the set-up and in real-time in the computer.  Wha t  cannot  be done 
quickly enough or is not  impor tant  enough to do in real-time by computat ion must in 
a prototype instrument be delegated to an  analog circuit. In mass-produced instru- 
ments, one can imagine locally autonomous microprocessors becoming feasible. In  
selecting our automat ion scheme, we have steered a middle course among competing 
philosophies, believing that  a good laboratory automation system should be able to 
control perhaps 80 ~o of  the experiment without  the aid of  the mini-computer, that  
computers should be used for high speed computat ion and decision-making as well as 
for data  acquisition and  sequential control, and the system should, to some extent, 
be capable of  running passively without  a computer. 

The scheme described here is the result of  our intention to refine the automat ion 
and the procedure to reasonable limits. We kept  in mind the possibility that, i f  those 
limits proved to not  be very far, some or all of  the automat ion should be capable o f  
being used to better advantage with some other technique. 

This publication documents the choice, assembly and  performance of  the 
hardware of  our thermogravimetry automation.  There has been  some compromise 
between ease and elegance. The details of  the computer  programs which operate the 
apparatus in the factor-jump mode are given in refs. 3 and 4. Some experimental 
results are given in ref. 5. A user's manual  is being written 6. 

OVERALL DESCRIPTION OF AUTOMATION SCHEME 

Our automation scheme provides a method of  measuring the sample weight and a l so  
provides control  of  sample temperature, flow rate of  N2 and 02 over the sample, and 
the pressure in the sample chamber. Al though experiments with controlled humidity 
have not  yet been carried out, saturated salt solutions could be used to generate a 
stream of  gas with given moisture content  to pass over the sample. 

I CRT TERMINAL ~ ' - -  i , q INTERFACEi i EXPERIMENT . I 

I t I I i TTTr 
i I L__J°,.,..L.o..A-ool 
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I E I I I J I 
I 
Fig. 1. A generalized, block-diagram outline o f  the factor- jump thermogravimetry apparatus.  
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Fig .  2. The linkage between the controller and the experiment. Abbreviations used: AS, analog 
scanner; B C D  I [ O ,  digital input/output; DAC,  digital to analog converter; DT, drying tubes; D V M ,  
digital voltmeter; EB, electrobalance; F, furnace; FC, furnace controller; FPS, furnace power supply; 
IPR.C,  ice point reference cell; MFC, mass flow controller; PC, pressure controller; PS, pressure 
sensor; SC, stop-cock; SSS, saturated salt solution; SV, servo-driven va lve ;  T C ,  thermocouple. 

T he  general  s cheme  is g iven in Fig.  1; all  m o d u l e s  except  the furnace  are 
commerc ia l ly  avai lable .  T h e  c o m p u t e r  sends  c o m m a n d s  to  the interface,  w h i c h  
generates  vol tages  used  to specify  the  temperature,  pressure a n d  f l ow  rates a r o u n d  the 
sample .  T h e  interface also  reads vol tages  generated by  the  apparatus .  T h e  programs  
a n d  data  are stored o n  flexible diskettes  and  the progress o f  the exper iment  is d i sp layed 
o n  the ca thode  ray tube  c o m p u t e r  terminal  and  recorded o n  the l ine-printer or o n  a 
diskette.  

AUTOMATION DETAILS 

Figure 2 s h o w s  the a u t o m a t i o n  in more  detail.  These  i tems wi l l  n o w  be described.  

Elec t roba l an c e  

The e lectrobalance  is a sl ightly modi f i ed  vers ion o f  a commerc ia l ly  avai lable  
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horizontal-beam model. The original furnace has been replaced (see below) and the 
direction of  gas flow is now over the sample towards the balance housing instead of  the 
reverse. The thermocouple leads are brought  out  through the aperture in the balance 
housing originally intended for inlet of  gas. In this way, the thermocouple leads are 
kept separate from the electrical leads and changeover from the thermocouple materials 
to copper wiring is accomplished in an electrically maintained ice point reference cell 
rather than in the balance housing (which may be warmed slightly as the attached 
furnace heats up). An inlet for a gas stream to introduce a back-pressure in the 
balance housing may be provided in the glass envelope surrounding the counter-weight 
arm/photocell  mechanisms. So far we have not found this to be necessary. 

Examination of  the electrical weight signal from the electrobalance with an 
oscilloscope revealed tremendous sensitivity to room vibration and  footfalls. This was 
reduced to an acceptable level (--~ 20 ILV) by (a) operating with a time constant of  
5 sec, (b) using the balance on top of a thick heavy concrete slab on a sturdy table, 
and (c) installing a I/4-in square of  a shock absorbing rubber material under each of 
the table legs. 

There is some drift in the electrobalance readings. This drift in the instrument 
will be included in the apparent  rate of  weight loss, which must be kept  large enough 
to swamp out the effect of  the drift. The balance takes several hours to settle down to a 
min imum drift, the final value of  which varies with the time constant used. Further, 
there is trouble in obtaining reproducible weighings. These facts introduce problems 
into the determination of  the initial and final weights of  the sample, and thus compli- 
cate operation in the two-sample method, where rates in the two samples must be 
related to the extent of  conversion (or reaction) via the initial, final and  current 
weights before an activation energy can be calculated. In  the factor-jump method, an 
activation energy is calculated from extrapolations in the rate of  change of  the current 
weight at different temperatures; knowledge of  the initial and final weights is only of  
interest in relating an activation energy to the extent of  reaction at which it was 
determined. Because the activation energy is usually a slowly changing parameter, 
this limitation is only slight. 

The sample is placed at the end of  a horizontal balance arm, only part of  which 
is in the furnace. Our first prototypical design of  the reaction manifold housing the 
furnace and the balance arm inadvertently placed the expansion/contraction mecha- 
nism outside the furnace and  thus rendered it ineffective. A change in temperature o f  
100°C produced changes of  up to 100 #V in the voltage representing the apparent 
sample weight. In vacuum, these changes took 7-8 rain to decrease to level of  the 
noise (,-, 20/xV). A redesigned reaction manifold placed the expansion mechanism in 
the furnace but there are still noticeable changes of  apparent sample weight with 
temperature. 

We examined the size of  the arm expansion effect in our apparatus. The arm 
was allowed to equilibrate at the temperatures employed. The effect of  changing the 
length of  the balance arm is to change the apparent  rate of  weight loss, r. If  r = 
kdw'[dt, where dw'[dt is the real rate of  weight loss, then substitution in eqn. (1) 
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shows tha t  the apparent  activation energy, E, and the real activation energy, E' ,  are 
related by 

E - -  -~-~ In 

RT1Tz ln ( dW'l dt ) RTI Tz ( k-~zz) 
- -  - + In 

,4 T dt dw~ d T 

R T1T2 Ink~  
= E '  + A T  

The dependence of  k on temperature was determined by monitoring the weight of  a 
piece of  non-magnetic wire in the sample pan. The largest effect occurred around 
250 °C, where a 15 °C change in temperature produced a change of  0.1 ~o in sample 
weight. This introduces a correction term of--~(2 × 250 × 250/15)1n(1.001/1.000) 
,-, 8 cal m o l e - l ,  which is negligibly small. 

In practice, therefore, the effect of  arm expansion is negligible in our application 
of  the factor-jump_method because we operate with small ( <  15°C) temperature 
jumps.  These small jumps are required to keep the rates of weight loss within reason- 
able bounds s. To subdue the effect of  s lowchanges  in the balance arm, we allow an 
equilibration period, and  force the degradation to occur above a minimum rate of  
weight loss. 

In  those cases where much larger temperature jumps are necessary (i.e., for 
very small activation energies or very high temperatures) it may be necessary to 
cancel out  arm expansion effects by mathematical  computation.  The effect of  balance 
arm expansion is to increase the apparent  sample weight and hence the observed rate 
of  weight loss. I f  the sample weight is w, the apparent  weight of  the bucket and  arm 
assembly is b, the electronic suppression applied to the electrobalance signal is s, and 
the effective weight of  the counterweight is c, then the apparent  sample weight al  for a 
given balance arm extension k l  is given by 

a x = k x ( w  + b ) - - s -  e 

and  the-apparent  rate of  weight loss is given by dal/dt = kx(dw/dt ). The effect of" 
balance arm expansion could be cancelled out by multiplying the ratio o f  apparent  
rates, dal/dt and  daz[dt , by kz[kp 

The quanti ty k2/k~ can be estimated from the relationship 

ax + s + c kt(wi + b) 
a z - I - s + c  kz(wz + b) 

k 1 
= k z '  when wl = w2 

The quantities s, c, and b are all experimental constants. Because diffusion processes 
in the sample are usually not  of  interest and must be minimized, the sample weight 
cannot  be large. However, the weight of  the bucket can easily be many  times that  of  
the sample. A heavy bucket magnified changes in length of  the balance arm and  
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p roduces  d iscernable  co r r e spond ing  changes  in the  a p p a r e n t  sample  weight .  (It  also 
increases the  coun te rwe igh t s  or  suppress ion  needed  a n d  forces the ba lance  to  opera te  

nea r  the l imit  o f  its specifications).  The  a p p a r e n t  sample  weights  a~ a n d  a2 can  be 
es t imated  f rom ex t rapo la t ion  o f  the po lynomia l s  fitting the sample  weight ] t ime t r end  
in ad jacen t  p la teaus  to a t ime be tween  the  two plateaus.  There  will be some e r ro r  in 

these est imates  because  the first ha l f  o f  the  in ter -p la teau  reg ion  will be a s s u m e d  to 
behave  like the  first p la teau  a n d  the  second  ha l f  like the second  pla teau even t h o u g h  
there  was  in fact  a g radua l  t rans i t ion  be tween  the two plateaus.  A t  a given t ime,  wl = 
iv z for  the  ins t an taneous  sample  weights.  Therefore ,  k I a n d  k2 cou ld  be es t imated  
dur ing  the exper iment  f rom the rat io  (a I + s + c)[(a2 -k s + c) a n d  appl ied  as a 
correct ive  t e rm to the  rat io  o f  rates o f  weight  loss used in eqn. (1). The  same process  
w o u l d  a l low cor rec t ions  for  b u o y a n c y  effects. I ndeed  the effects o f  ba lance  a r m  
expans ion  a n d  changes  in a tmosphe r i c  densi ty  w o u l d  be inseparable  unde r  n o r m a l  
opera t ing  condi t ions .  The  b u o y a n c y  effect above  cou ld  be s tudied  by chang ing  the  
pressure  r a the r  t han  the t empera tu re .  However ,  up  to n o w  we have  no t  f o u n d  it 
necessary  to incorpora te  this p rocedure  into  ou r  p rogram.  

l~ur l lace 

The  furnace  suppl ied by the  m a n u f a c t u r e r  o f  the  t h e r m o b a l a n c e  is far too  
massive for  ou r  needs.  In  par t icu lar  it takes  a t  least 5 min  to cool  the I 0 - 1 5 ° C  differ- 
ence  in t empe ra tu r e  used be tween ad jacen t  i so thermal  regions and  takes  even longer  
to  stabilize a t  the  new tempera tu re .  W e  therefore  des igned a rap id- response  furnace  

GAS 
FLOW 

CONNECTOR 

,c v 
28NW / ~ ~ C R E W S  

SR ~ - j ~ _ ~ f /  / / f -"~ INTO EB 
<, , , , ,c . , ,  / f'Z/l'Z   .o. ,NG 

TO TRAPS 
AND PUMP 

Fig. 3. A rapid response furna~:e featuring in-stream heaters for the gas stream (flow is left to right). 
Abbreviations used: 28 NW, 28 gauge nichrome wire; EB, electrobalance; ISH, in-stream heater; 
PRM, pyrex reaction manifold; SR, support rod; SSS, saturated salt solution. 
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(Fig. 3) which uses many  strands of  bare n ichrome wire strung between circular forms 
to heat  the sample environment.  For  applications where a flowing gas stream is used, 
an  addit ional  heater .heats  the gas stream throughout  its entire cross-section, thus 
avoiding the c o m m o n  practice of  heating the stream only at its edge. To include the gas 
stream heater, we had  to reverse the direction of  gas flow, which now enters on the 
side of  the sample remote from the balance housing and  exits before the balance 
housing through a tube in the borosilicate reaction manifold. 

The circular forms in the main heater are 22 mm i.d., 36 m m  o.d. and  3 m m  
thick rings made from a machinable ceramic. The outside ends are held I0 cm apart  
by three 1.5-mm threaded stainless steel rods. At the end of  each rod  there is an 

• Inconel  spring, which, in theory, is supposed to force the furnace to expand lengthwise 
to take up slack in the nichrome heating wires as they expand on heating. In practice, 
our  present springs are not  strong enough, but  fortunately the expansion of  the heater 
wires does not  appear to be troublesome. Taut  heater wires would probably improve 
the temperature  homogenei ty  in the furnace, but that is currently within acceptable 
limits (see later). To put 30 strands of  28 gauge nichrome in the furnace, it was 
necessary to string the heater wires in two circles. Each wire passes through the furnace 
three times and then is jo ined  to its neighbor in series with a small specially machined 
stainless steel connector  with two lock screws. The sample heater has a resistance of  
36 g2. 

The gas stream heater consists of  two machinable ceramic circular forms each 
with 7 parallel strings of  28 gauge niehrome wire with a total resistance of  --~ 20 f~. 
Its diameter  is the same as that  of  the main heater. The main and  gas stream heaters 
are connected in series to give a total heater resistance of  ~ 56 ~2. 

The heaters are contained in a pyrex reaction manifold (Fig. 3) which attaches 
to the balance housing at one end and  has a flange at the other to provide a connect ion 
to allow removal of  the electrical heaters. Electrical leads are in t roduced into the 
manifold through small pyrex tubes sealed with high-temperature cement  subsequently 
coated with hot  wax. The pyrex manifold has been coated with plat inum paint  inside 
and  out  to improve the temperature homogeneity.  Our  initial design included a 1-cm 
diameter clear spot in the plat inum coating to provide a viewing port. This was 
located on the balance side of  the sample; after prolonged use it became obscured by 
degradat ion products. Later versions have no viewing port. 

Temperature controller 
The temperature controller is a current-adjusting type, with a "'soft" manual  

station and  provisions for the proport ional ,  reset, rate and  approach modes of  control. 
The target temperature is specified by a 0--10 V d.c. remotely originating high level 
input  which is divided by a suitable external combinat ion of  resistors (100 f2125 kf~) 
f rom 10 V d.c. to 0.040 V d.c. This corresponds to a type-E thermoeouple  voltage of  
537°C, near  the strain point  of  the borosilicate reaction manifold. With the 
high-level input  at 0 V d.c. and  the thermocouple  connec t ionsshor ted  out, there as a 
small residual deflection of  the deviation meter; we were fortunate in that  this could 
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be removed conveniently by setting an appropriate but low figure on the " local"  
set-point, a 4-digit thumb wheehdriven potentiometer  calibrated for 0--10 my. This 
merely introduces a small positive bias voltage into the control loop. 

The 0-5-mA current output  of  the controller is sent across an externally supplied 
2 kf2 resistor to provide a reference signal of  0-10 V d.c. In practice, several external 
resistances ranging from 100 ~ to 20 kt~ have been mounted on a rotary switch but so 
far only the 2 kt-2 resistor has been used. This 0--I0 V d.c. signal is used to program a 
d.c. power supply attached to the furnace. It was found that  the proportional  term k t 
in the Correction signal 7,g 

S ~ k~O + k 2 Odt q- k 3 - - ~  

,~-'c 

was too large with the proport ional  band width at 200°C to al low non-zero-set t ings  
for reset, k2, and rate, k3, (the variable 0 represents the difference between specified 
and actual temperature, t is time and z is the reset integration time). We increased the 
proportional  range (and thus decreased k~) tenfold by installing a 100-kt-2 resistor in 
the control amplifier section of the temperature controller. After a brief flirtation 
with a general method 8 of  estimating opt imum settings, we chose the settings heuris- 
tically. The general philosophy was to remove excessive overshoot, which would 
"'burn off" our polymer sample, yet approach the target temperature reasonably 
quickly, to remove all offsets so that  we reached the target value every time and to 
reduce wanderings in temperature during the temperature plateaus. Approach was 
set to be 180°C (90 ~o of  maximum) to reduce overshoot. The value of  kz (reset) was 
set at the maximum so that  slowly changing offsets from the actual target value of  
temperature would not  occur. Overall rate of  at tainment  of  the target temperature 
value was strongly dependent  on kl ,  which has to be made as large as possible (i.e., 
a small setting on the proportional  set screw) with the reset value at maximum. The 
final value of  k 1 was chosen solely on the criterion of  steadiest temperature during the 
isothermal sections. The Contribution of  the rate (ka) was finally set to zero; this 
seemed to give the greatest stability in the temperature control. These settings were 
determined by operating the furnace in a vacuum, the worst condit ion for tempera- 
ture control. 

A n y  oscillation in the temperature appears in magnified form in the sample 
weight/time data and complicates the fitting of these data by a polynomial. The 
weight- t ime polynomial  is of  critical importance because it must be extrapolated and 
differentiated ¢ to give a rate of  weight 10ss to be used in eqn. (1). 

Furnace power supply 
Power is supplied to the furnace by a programmable power supply which has 

maximum outputs of  I00 V d.c. and 2.5 A. The output  voltage, E0 = - - E  n Rr/R n, 
depends on  the programming voltage, Ep, and programming resistance, Rp, (external 
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to  the  p o w e r  supply)  as well  as the  reference  resistance,  Rr, ( inside the  p o w e r  supply) .  
In  o u r  appl ica t ion ,  the  low-level lead o f  the  0 -10  V d.c. signal f rom the  2-k[2 

res i s to r / t empera ture  cont ro l le r  c i rcui t ry  is connec t ed  direct ly  to the  app rop r i a t e  
power  supply  terminal .  T h e  high-level  lead is a t t ached  to  the  power  supply  across  a 
2 kf2 resis tor  (i.e., Rp). Because Ep ~< 10 V d.c.,  Rp = 2 kQ a n d  R r = 15 kf2 (as wi red  
in the p o w e r  supply  a t  the fac tory)  

E0 <--- -- 10(15/2) = 75 V d.c. 

T h e  ac tua l  cu r r en t  sent  t h r o u g h  the  fu rnace  depends  on  the  furnace  resis tance a n d  on  
ithe f ron t  panel  sett ings o f  the  l imits on  ou tpu t  cu r ren t  a n d  vol tage  f rom the  p o w e r  
supply,  bu t  typical  m a x i m u m  values used are  75 V d.c. a n d  1.5 A which  p rov ide  
,-~ 110 W o f  hea t ing  power .  Bo th  cu r ren t  a n d  vol tage ou tpu ts  are  d isp layed  on  meters.  
This  has  been  f o u n d  to  be ex t remely  conven ien t  for  mon i to r i ng  the func t ion ing  o f  the  
t empera tu re - con t ro l  ne twork .  

Performance of  the temperature-control network 
F o r  m i n i m u m  ex t rapo la t ion  t ime  in  the fac to r - jump me thod ,  the  fu rnace  

shou ld  r e spond  rapidly  to p r o g r a m m e d  t empera tu re  changes  a n d  shou ld  quickly  
settle d o w n  to  a stable t empera tu re  very close to  tha t  p r o g r a m m e d .  The  fu rnace  
shou ld  also p rov ide  a satisfactori ly h o m o g e n e o u s  t empera tu re  d is t r ibut ion  a b o u t  the 
sample.  

T h e  dynam ic  pe r fo rmance  o f  the furnace  is i l lustrated in Fig. 4. Thus  in the 
regions  o f  interest  (150-350°C)  the  furnace  heats  up at  rates o f  20 to 12°C s e c - t ,  a n d  
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Fig. 4. Heating and cooling of rapid response heater. 
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Fig. 5. Temperature homogeneity along axis of  cylindrical rapid response furnace at various flow 
rates in see min-L Temperature gradient obtained from two thermocouples spaced about sample 
position. Pressure = 1 atm. 

coo l s  d o w n  a t  rates  o f  3 to  0.3 °C s e c -  t. T h e  longes t  equ i l i b r a t i on  t ime  will  o c c u r  a t  a 
j u m p  f r o m  165 to  150°C;  this  causes  a n o n - e q u i l i b r i u m  c o n d i t i o n  gap  o f  --~ 40 sec 
to  exist  be twee n  p la teaus .  A t  the  h i g h  e n d  o f  the  o p e r a t i n g  t e m p e r a t u r e  r ange  a 15 °C 
c h a n g e  in t e m p e r a t u r e  will cause  a g a p  o f  on ly  4 sec. T h e  fu rnace  s teadies  d o w n  t o  a 
s table  va lue  o f  i 0.15 °C in v a c u u m  a n d  -I- 0.05 °C a t  a t m o s p h e r i c  pressure .  

T e m p e r a t u r e  h o m o g e n e i t y  was  e s t ima t ed  by  m e a s u r i n g  the  e .m. f . ' s  o f  th ree  
type -E  t h e r m o c o u p l e s  p l a c e d  a b o u t  the  s a m p l e  pos i t ion .  F igu re  5 shows  the  h o m o -  
gene i ty  as a f u n c t i o n  o f  f low a n d  t e m p e r a t u r e .  

T h e  fo l lowing  a r g u m e n t  es t imates  l imits  o n  the  accep tab le  offset  b e t w e e n  t he  
real  t e m p e r a t u r e  o f  the  s a m p l e  a n d  t he  va lue  m e a s u r e d  by  the  t h e r m o c o u p l e .  S u p p o s e  
t h a t  t he  ac t iva t ion  energy,  E,  is g iven  by  eqn .  (1); also,  s u p p o s e  t h a t  t he  a p p a r e n t  
t e m p e r a t u r e s ,  T, a re  re la ted  to  the  real  t e m p e r a t u r e s  T '  by  a n  offset  To. T h e n  the  real  
ac t i va t ion  energy,  E ' ,  is g iven  by  

E" = R ( T I  - -  T°)(T2 - -  To) In ( r z / r 2 )  
A T  

r,) 
= In r2 ( T 2  --  27'1 To + ToZ), i f  Tt --~ 7"2 

= E +  - -  
2EVo + 

Tj T~ 

= E +  
2ETo 

vx - - , i f  T0 << 7"1, 7"2 

= E + A E  

w h e r e  E is the  ca lcu la ted  ac t i va t i on  energy.  T h e  f rac t iona l  e r ro r  in  E '  is g iven  approx i -  
m a t e l y  b y  2To[Tl, which ,  fo r  T ~ 500 K a n d  a n  e r ro r  o f  I ~ in E a l lows a t e m p e r a t u r e  
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offset o f  2.5 °C. F o r  a m o r e  generous  e r ro r  o f  1 kcal  in  a n  ac t iva t ion  ene rgy  o f  30 
kcal  m o l e - 1 ,  the  to lerable  t e m p e r a t u r e  offset a t  500 K is 500 /60-~  8.3 °C. 

This  surpris ingly large offset m a y  be v iewed in two  ways:  ( i ) t h e  t h e r m o c o u p l e  
need  n o t  be inconvenien t ly  close to  the  sample,  a n d  (ii) apprec iab le  furnace  i n h o m o -  
genei ty  can  be tolerated.  W e  p laced  the t h e r m o c o u p l e  as nea r  to the  sample  cup  as is 
conven ien t  ( <  2 m m  f rom the ups t r eam end) ,  and,  at  ou r  m a x i m u m  inhomogene i t y  
o f  3 ° c m -  1, expect  a m a x i m u m  t empera tu re  offset o f  ~ 1.5 ° be tween  the  t he rmo-  
couple  a n d  the midd le  o f  the sample  cup.  This  w o u l d  in t roduce  m a x i m u m  errors  o f  
0 .6% ( =  2 x 1.5 x 100/450) to 0 . 5 %  ( =  2 x 1.5 x 100/640) into  the  ca lcu la ted  
values o f  E at  450 a n d  600 K.  

Pressure measurement 
T h e  " a b s o l u t e "  pressure in the reac t ion  man i fo ld  is m e a s u r e d  by a capac i tance-  

type  pressure  sensor  wh ich  references the  ac tual  pressure  in the  reac t ion  mani fo ld  to 
the  pressure  in an  in ternal  evacua ted  c o m p a r t m e n t .  The  m e a s u r e m e n t  is cond i t i oned  
by  a n  electronics  un i t  into a 0 -10  V d.c. signal l inear  over  the  range  0-1000 m m  
H g  a n d  is d isp layed  on  a 4-1 /2  place digit  r eadou t .  T h e  zero o f  pressure on  the  sensor  
depends  to  s o m e  extent  on  the  o r ien ta t ion  o f  the  sensor  a n d  perhaps  on  shocks  
received by the  sensor.  The  zero o f  the  sensor  is ad jus ted  f requent ly  by reference to a 
M c L e o d  g a u g e .  

Pressure control 
P r o v i d e d  there  is a flow o f  gas, the pressure in the system is con t ro l led  by a 

servo-dr iven bakeab le  valve on  the  exhaust ,  i.e. jus t  before  the  v a c u u m  pump.  This  
type  o f  valve is n o r m a l l y  used on  gas inpu t  lines and,  in o rde r  to  use it in  the  exhaus t  
line, we  h a d  to modi fy  the  valve cont ro l le r  module .  T h e  valve cable  a n d  signal light 
connec t ions  were  changed  so tha t  all " i n p u t "  connec t ions  were  ac tua l ly  connec t ed  to 
the  co r r e spond ing  ou tpu t  connect ions ,  a n d  vice versa. " 'Opening"  a n d  "c los ing"  
labels on  the f ron t  panel  were  also in te rchanged.  The  cont ro l le r  receives a 0-10  V d.c. 
signal f rom the  pressure  measu r ing  system a n d  compare s  it wi th  a r emote ly  or ig ina t ing  
0 -10  V d.c. signal. I f  the  pressure  signal is the  greater ,  the  con t ro l le r  sends pulses to 
open  the valve (as delivered,  the  cont ro l le r  w o u l d  have  c losed the  valve).  I f  the pressure  
signal is the  lesser, the  exhaus t  valve is closed. 

Because the pressure sensor  provides  a change  o f  only  0.01 V d.c. pe r  m m  Hg,  
the  system as init ial ly assembled  requ i red  an  ext remely  large dev ia t ion  f rom the  set 
po in t  before  it w o u l d  respond.  This  s i tuat ion was cor rec ted  by increas ing the  ga in  o f  
the  devia t ion  amplif ier  in  the  valve cont ro l le r  ( the feedback  resistor was  changed  
f rom 27 kf2 to 1 kf2). 

Bo th  the  pressure sensor  a n d  the exhaus t  valve can  be b a k e d  to t ry  to  r emove  
deposits .  T o  reduce  this  ma in t enance  to  a m i n i m u m ,  we have  separa ted  the  pressure  
sensor  f rom the  exhaus t  s t ream by --~ 10 c m  of  tub ing  (Fig. 2). However ,  we placed 
the  sensor  nea r  the  exhaus t  Valve ( d o w n s t r e a m  f rom the  sample)  to  maximize  the  
efficacy o f  pressure  cont ro l .  Ope ra t i on  in this pos i t ion  has  been  satisfactory.  W e  have  
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Fig. 6. Exhaust system. Abbreviations used: 3 WV, 3-way valve; CT, cold trap; PS, pressure sensor; 
SV, servo-driven valve; TNV, teflon needle valve- 

p laced  t r aps  o n  e i ther  s ide o f  the  e x h a u s t  valve (Fig.  6). W h e n  r u n n i n g  e x p e r i m e n t s  
u n d e r  a v a c u u m ,  we bypass  the  e x h a u s t  valve ent irely,  t h u s  i m p r o v i n g  the  c o n d u c t a n c e  

o f  the  sys tem.  

G a s  f l o w  con t ro l  
G a s  f low in tw o  lines is c o n t r o l l e d  by  a t w o - c h a n n e l  mass  f low cont ro l le r ,  

s l ightly mod i f i ed  to  o u r  r e q u i r e m e n t s  by  the  suppl ier .  As  s u p p l i e d  off- the-shelf ,  t he  
f low con t ro l l e r  w a s  p r o g r a m m a b l e  m a n u a l l y  by  ad jus t i ng  two  f r o n t  pane l  p o t e n t i o -  
me te r s  to  give 0 -5  V d.c.  s ignals  to  specify e a c h  flow. O u r  i n s t r u m e n t  is ca l ib ra t ed  for  
mass  f lows o f  0 - 500  scc m i n -  1 N2 o n  channe l  1 a n d  0 - 2 0 0  scc r a i n -  x o n  c h a n n e l  2. 
I t  a lso has  fac tory- ins ta l l ed  m i n i - p l u g  i n p u t s  for  r e m o t e  p r o g r a m m i n g  o f  the  f lows 
a n d  o u t p u t s  m a k i n g  avai lable  0 -5  V d.c.  vo l tages  ind ica t ing  the  ac tua l  f low in e a c h  
channe l .  E a c h  gas line c o n t a i n s  a d r y i n g  ca r t r idge  b e t w e e n  the  gas cy l inder  a n d  the  
f low cont ro l le r .  T h e  f lows are  essent ia l ly  c o n s t a n t  a t  all useful  p ressures  a n d  the  

accu racy  is w i th in  1 %  o f  full  scale. 

TABLE 1 

PERFORMANCE OF PRESSURE CONTROLLER AT VARIOUS FLOW RATES 

Pressure Flow (scc rain -z No_) 

(ram Hg)  500 250 100 75 50 25 

760 a 758(1) 762(1) 759(1) 759(2) 758(4) 760(2) 
400 a 400.7(2) 402( 1 ) 400(2) 400(2) 400(2) 397(5) 
200a 200(3) 201.4(1) 200(3) 201(1) 201(2) 201(2) 
100 b 101-6(1) 101.5(1) 101.2(1) 101.6(1) 100.3(8) 100(1) 

a House vacuum (125-165 mm Hg) on exhaust. 
b Vacuum pump on exhaust- 
Numbers in parentheses are the standard deviations in the last digit given. 
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Performance o f  pressure control 
Tests were conducted  to determine the precision of  pressure control  at  several 

pressures and flow rates. The results, given in Table 1, show adequate  control  at  all 
reasonable levels. The equilibration time to achieve the final level o f  control  depends 
on the pressure, the flow rate, and the starting position of  the servo-driver exhaust 
valve. A really bad case (e.g., 760 m m  Hg and 25 scc m i n -  1 Nz with the valve opening 

far f rom the final setting) can take up to I000 sec to steady down  unaided, but  the 
valve can be set using the manual  opt ion on the controller within 30 see. The response 
t ime of  the pressure/flow system to reasonably small changes under  realistic conditions 
is much Iess than the 150-200 sec equilibration time usually allowed in our  p rogrammed  
application of  the factor-jump technique. In most cases control at the new levels can 
be achieved within 30 sec. This is clearly adequate for our  purposes. 

Interface between computer and experiment 
In  specifying an interface to allow two-way communica t ion  between computer  

and  experiment, we purposely stayed on the side of  generality. The M I D A S *  interface 9 
allows experiment au tomat ion  in a speedy, convenient fashion using any device which 
generates and receives ASCII  commands ,  i.e., a teletype, a magnetic cartridge terminal 
or  a computer .  In gaining convenience, however, one sacrifices elegance and  some 
operational  speed, for the M I D A S  interface has no interrupts, operates in a sequential 
mode in that  only one componen t  module  can be addressed at a time, and processes 
commands  and provides data  serially, i.e., character  by character.  

In  addi t ion to the crate, power  supply and  c o m m a n d  modules, the interface 
contains a time-of-day clock; two dual digital-to-analog converters (DACS)  (in all 

four outputs each of  which generates a 0 - I0  V d.c. signal on  command) ;  an 8 low 
level (thermal e.m.f.- < 1 /tV) analog scanner to direct experiment voltages one at  a 
time to a digital voltmeter; and a BCD input /output  module.  

The digital voltmeter (DVM) included in the interface is capable on its most  
sensitive range of  reading voItages between q-0.16 V and  --0.16 V to microvolts. 
The D M V  is remotely programmable  and receives commands  and transmits data  via 
the BCD I/O module.  A D V M  rather  than an analog-to-digital converter  a t tached 
directly to the computer  was chosen because of  the greater flexibility and the possibility 
of  later independence of  the apparatus from the computer .  

Details o f  the programming commands  and philosophy are given in refs. 4 and 
6. Here, suffice it to say that  the four DAC's  are used to generate voltages (described 
earlier in the text as "'remotely originating") to specify required temperature,  pressure 
and  flow rates of  nitrogen and oxygen. The analog scanner is used to select one of  the 
voltages representing sample weight, furnace temperature,  pressure, specified flow 
rate of  N2, specified flow rate of  Oz, actual flow rate of  N2 or actual flow rate of  02 ,  
and  to direct that  voltage to the DVM. The DVM range and options such as "filtered 

* In no case does menton or usage of a commercially available instrument imply recommendation 
or endorsement by the National Bureau of Standards. 
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input"  are set using the output  por t ion  of  the BCD I]O module, and  the unit  is then 
triggered to take a reading of  the input voltage. The result is then "un loaded" ,  when 
it passes through the input por t ion of  the BCD I]O module,  is converted from parallel 
t o  serial form and is output  through the controller module to t h e  computer  (or 
terminal if that is the m o d e  of  automation) .  

Computer and data storage 
The computer  used is a laboratory mini-computer,  with a 32-K memory of  16 

bit words. Communica t ion  using ASCII  code is achieved through two programmable  
asynchronous single line communica t ion  interfaces which can be set to operate at  
character transmission speeds between 10 to 960 characters per see inclusive. One line 
communicates  with the interface at 120 characters per see and  the other is at tached to 
a C R T  computer  terminal, operating at  960 characters/sec and serving as the console 
for the computer  operator.  

The computer  also has a hexadecimal front panel which displays the output  
registers in b o t h  binary and hexadecimal and  features a hexadecimal push-button 
mode of  data  entry rather than binary toggle switches. Hardwired multiply-divide 
(for integer operations) constitutes a recent improvement.  Data  and program storage 
is currently carried out  using a four-drive flexible diskette ensemble. Our  thermo- 
gravimetry experiment programs consist o f  several overlays writ ten in F O R T R A N .  
Program preparation is somewhat  tedious because o f  the "s low" access time of  the 
discs (about  3-6 lines per second), because of the ' ,vola t i l i ty"  of  the discs (susceptibility 
to being scratched, worn  out  by the drive head, etc.), the "volatil i ty" of  the disc 
drives (heads out  o f  displacement, pressure pads lost or  fouled by oxide), and  because 
of  the continual need for more storage (although each side of  each disc will hold 
--~ 3400 lines of  80 characters each). The disc containing the overlays and the disc 
used as a "'scratch" unit  to store data  temporarily for transmission between overlays 
last for several Weeks unless the disc drive itself fails as described above, when the 
disc usually becomes scratched. Fortunately, flexible diskettes are inexpensive; 
nonetheless, several backup copies must  be kept o f  all important  material. Diskettes 
are extremely convenient and  desirable when compared with paper tape, magnetic 
cassettes and probably magnetic tapes or  cartridges. They certainly have a place as a 
storage medium in continual rather  than continuous use, a n d  serve well as a mecha- 
nism of  transferring information from one installation to another.  However,  for 
intense cont inuous use such as overlaid program structures, a hard-disc assembly is 
more  appropriate. The hard  disc holds -,~ 20 times the information on a diskette, is 
,-, 6 times faster, supposedly less "volati le" (but more  expensive), and is certainly 
mach  more  resistant to wear. We plan to add one to the system in the near future. 

The other mode of  data  output  in our  system is a printer-plotter.  It  uses an 
electrostatic paper-marking process and a wet development with a graphite suspension 
in a petroleum fraction solvent. Printing is satisfactorily fast at --~ 500 lines per rain, 
the plotting capability of  the hardware (if not  the software) produces respectable plots 
with a resolution o f  0.01 in, and the pages fit in a letter size file. This is the normal  
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m o d e  o f  outputt ing and storing the data and calculations which  constitute a record 
o f  the experiment.  A summary  file o f  act ivation energies and temperatures,  rates o f  
weight  loss and degrees o f  conversion at which  they were determined is also kept  on a 
flexible diskette and is routinely printed out  at the ending o f  the listing o f  the experi- 
ment.  
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