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A method of automatic measurement of the temperature and humidity 
fields in a boundary layer is described. The results are made avail- 
able in the form of automatically drawn graphs on a scale conve- 
nient for determining boundary layer thickness. 

The study of heat and mass  t r ans f e r  p r o c e s s e s  on 
the bas i s  of ana lys is  of t empera tu re  and humidity in 
the boundary l aye r  has a number  of advantages over  
other methods,  but it  is associa ted  with numerous 
laborious and t ime-consuming measurement s .  

With the development of 8 m o l ' s k i i ' s  much-c i ted  
equipment [1], the problem of automation of t e m p e r a -  
ture and humidity field measurement s  has been solved 
in pr inciple .  In that equipment, however,  e lec t ronic  
c i rcu i t s  a re  employed,  and the i r  use requ i res  specia l  
knowledge. The construct ion of equipment of that kind 
in the o rd inary  thermophysica l  labora tory  p resen t s  
decided diff icul t ies ,  and therefore  the development of 
a s imple means of automating the boundary l aye r  
measu remen t s  r emains  a r ea l  problem.  

The p resen t  paper  desc r ibes  a method of automatic 
measuremen t  of t empera tu re  and humidity f ields in 
the boundary l ayer ,  the resu l t s  being made avai lable 
as automat ica l ly  drawn graphs on a scale  suitable for  
determinat ion of conventional boundary l aye r  th ick-  
lies s. 

The method pe rmi t s  the automation of those typical  
devices which have been descr ibed  in detai l  in the 
l i t e r a tu re  [2-5] and consis t  of four bas ic  e lements :  
head, coordinate pos i t ioner ,  measur ing  e lement ,  and 
device for  determining the instant of contact of the 
s enso r  with the body surface.  To achieve this i t  is  
sufficient to make the following s imple changes: the 
measur ing  element  is  rep laced  by an automatic tape 
r e c o r d e r ;  the pos i t ioner  is supplemented by an e lec -  
t r i c  synchronous actuator ;  the d i rec t ion  of d i sp lace -  
ment of the head during measu remen t  is changed, 
i. e . ,  the d i rec t ion  is not away f rom the body surface  
to the outer  edge of the boundary l aye r ,  as is cus-  
t omary ,  but toward it (for which purpose the ac tuator  
must  have the appropr ia te  d i rec t ion  of rotation).  
Final ly ,  we e l iminate  as unnecessa ry  the equipment 
for  record ing  the instant of contact  of the senso r  with 
the body surface.  As a r e su l t  of these  changes,  the 
bas ic  setup of the usual  equipment is converted into an 
automatic  sys tem (Fig. 1). 

In the equipment thus automated,  and desc r ibed  
here  as an example ,  we used an ord inary  head with 
two psych rome t r i c  the rmocouples ,  as developed in 
[2, 3]. The thermocouples  were  copper -cons tan tan  
0.06 mm in d iamete r .  Moistening of the wet t he r m o-  
couple was done continuously through the cap i l l a ry  

tube of a pipet. An automatic self-balmming strip re- 
corder (KV) was used as recording instrument. The 
positioner actuator, as in [i], consisted of a synchro- 
nous electric motor and reduction gear, capable of a 
head displacement rate of 0.5 ram/rain. The displaee- 
ment was continuous, and the rate was chosen with 
regard to the inertia of the thermocouples and the 
printing frequency of the instrument, so that the 
thermoeouple readings would follow correctly the 
measured temperatures, while the recorder would 
in turn record a sufficient number of points to de- 
lineate a eurve during the time of transit of the ther- 
mocouples through the boundary layer. The reversing 

motor indicated in the diagram had no primary func- 
tion, but was used to withdraw the therrnoeouples 
from the body surface after a measurement was 
carried out. The double tumbler switch also had no 

primary function, but was used to turn the head actu- 
ator and the strip recorder on and off. Automation 
of the measurement of thermocouple displacement 
is based on synchronous operation of the head actua- 
tor and the strip recorder. The automatic registra- 
tion of the time of contact of the thermocouples with 
the body surface is based on use of the measuring 

system itself to record the instant of contact. 

The system operated as follows: by preliminary 
rotation of the micrometer screw (manually or with 
the second, reversing, electric motor) the thermo- 
couples were backed off from the surface and placed 
in the measur ing  section at the s ta r t ing  posi t ion,  at 
an a r b i t r a r y  dis tance f rom the sur face ,  outside the 
boundary l aye r ,  or  c lose to its outer  edge. Then the 
head actuator  and the s t r ip  dr ive  in the r e c o r d e r  
were  switched on. Being set  in motion by the syn- 

chronous e l ec t r i c  motor ,  the thermocouples  passed  
through the boundary layer  toward the body sur face ,  
while the r e c o r d e r  au tomat ica l ly  r e g i s t e r e d  the i r  
readings .  The s t r ip  char t s  of the r e c o r d e r s  were  also 
set  in motion by the synchronous motor .  Because the 
rotat ion of the e l ec t r i c  motor  ac tuators  of the head 
and s t r ip  a re  synchronized through the e l ec t r i c  c i r -  
cuit [6], d i sp lacement  of the s t r ip  in the r e c o r d e r  is 
s t r i c t l y  p ropor t iona l  to d i sp lacement  of the t h e r m o -  
couples in the boundary layer .  Thus,  in record ing  
the thermocouple  read ings ,  the ins t rument  s imul -  
taneously draws to some scale  on the moving s t r ip  
the i r  d i sp lacement  and corresponding instantaneous 
posi t ions.  F ina l ly ,  the thermocouples  come into con- 
tact  with the body sur face ,  and r ema in  in that  posi t ion 
until the ins t rument  is switched off. This manner  of 
stopping is poss ib le  because  of some e las t i c i ty  in 
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Fig. 1. Scheme for  automatic measurement  of t em-  
pera tu re  and humidity fields in the boundary layer:  
1) head; 2) dry thermocouple;  3) wet thermocouple;  
4) capi l lary tube; 5) pipet; 6) actuator screw; 7) reduc-  
tion gear;  8) synchronous electr ic  motor;  9) revers ing  
electr ic  motor;  10) recording potentiometer;  11) dou- 

ble tumbler  switch; 12) Dewar flask. 

Fig. 2. Samples of automatically drawn graphs 
of distribution of t empera tu res  of wet and dry 
thermocouples  in the boundary layer:  (u = 12 
m/sec ,  t d = 16.2 C, t ~ = 8 . 6  ~ C, t s = 2 5 . 5  ~ C, 

5 t = 0 . 4 4 m m ) .  
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their method of attachment to the head. From the time 
of eontaet the temperatures of the dry and wet thermo- 
couples become equal and remain unchanged. Accord- 
ingly, the time of contact is indicated by an initial 
section of constant temperature on the diagrams. The 
result of this scheme of operation, in which the read- 
ings, displacements, and thermocouple contacts with 
the body surface are automatically recorded, is that 
the strip bears diagrams of the temperature fields of 
the wet and dry thermocouples. The graphical repre- 
sentation of the boundary layer (Fig. 2) is magnified 
according to the number of times the speed of the 
strip is greater than that of the thermocouples. 

The graphs obtained may be worked on directly on 
the strip to determine boundary layer thickness. For 
this purpose, a convenient slope and scale may be 
assigned to the graphs, by preliminary choice of 
limits of measurement of the recorder and velocities 
of the strip and thermocouples. The scale is deter- 
mined as the ratio of the design strip rate indicated 

in the instrument certificate to the rate of displace- 
ment of the positioner, which in turn is determined as 
the product of the screw pitch and the calculated num- 
ber of revolutions. When there are frequency fluctua- 
tions in the electric circuit, the rate of traverse of 
the sensor and strip will differ from the calculated 
values, but the scale of the record, being the ratio of 
the velocities, remains unchanged. If the instrument 
scale is uniform and is marked off in degrees, the 
eonventional thickness of the thermal boundary layer 
is determined by the usual graphical method directly 
on the strip, This is possible when the temperature 
drop in the boundary layer is small, and the depen- 
dence of the thermocouple emf on temperature may 
be considered linear. The point where the boundary 
layer starts (for a temperature graph, for example, 
of the dry thermocouple, this is point 0 in Fig. 2) may 
be determined from the time noted on the diagram 
when each thermocouple makes contact with the body 
surface (adding the thermocouple radius). Using a 
second method, this point lies on the intersection of 
the straight-line sections of the diagram which char- 
acterize the temperatures of the beginning of the 
boundary layer and the body surface. The latter 
method is convenient to use in investigating a boundary 
layer above a free liquid surface, when, because of 
wetting and the good thermal contact with the liquid, 
the thermocouple readings are close to the tempera- 
ture of the evaporation surface. The method is also 
convenient in cases when the body surface tempera- 
ture is recorded on the strip by means of a supple- 
mentary thermocouple embedded in the surface. 

The equipment desc r ibed  as an example is  used 
in a v e r t i c a l  wind tunnel. The mechanism for  d raw-  
ing on the record ing  po ten t iometer  s t r ip  allows s tep-  
wise  choice of its ra te  of motion. The maximum ra te  
is 60 ram/rain,  when the boundary l aye r  p ic tu re  is  
magnif ied 120 t imes  on the s t r ip .  The t ime requ i red  
to m e a s u r e  the t e m p e r a t u r e  and humidity f ie lds  in a 
single sect ion of the boundary l aye r  is  1 - 1 . 5  rain,  

during which t ime up to 50 readings of each the rmo-  
couple a re  recorded.  

Recording of the readings of each thermocouple  
separa te ly  pe rmi t s  s implif ied instal la t ion of the rmo-  
couples on the head, since it r e laxes  the r equ i r e -  
merit for  s imultaneous mounting of the dry and wet 
thermocouples  in a single plane pa ra l l e l  to the body 
surface.  In al l  the other methods descr ibed  this was 
necessa ry .  The thermocouples  may be a r b i t r a r i l y  
moved one re la t ive  to the other in the d i rec t ion  of 
the body surface ,  as indicated in the d iagram (Fig. !). 
Such a movement  causes  a corresponding d i sp l ace -  
ment on the s t r ip  of the dry thermocouple  graph r e l a -  
t ive to the wet thermocouple graph (see Fig. 2). This 
is actually desirable, since, though it does not influ- 
enee the nature of the graphs themselves, it enables 
superposition of the graphs to be avoided. It is eon- 
venient to have independent elastic means of fastening 
the thermocouples to the head, to permit a thermo- 
couple to fold back after contact with the surface, and 
not to resist the motion of the second thermoeouple. 

When there is a need for simultaneous measure- 
ment in several sections of the boundary layer, the 
scheme allows simultaneous use of any number of 
twin and single thermocouples  in combination with 
any number  of heads,  ac tua tors ,  and r e c o r d e r s .  
Simultaneous measu remen t  of any combination will  be 
achieved by synchronous operat ion of the ac tuator  
motors  of al l  the heads and r e c o r d e r  s t r ip  char ts .  

It is  c l e a r  that  we may use in the sys t em any other  
qu ick- response  t empera tu re  and humidity sensor s  
sui table for measuremen t  in smal l  volumes,  and the 
appropr ia te  r e c o r d e r s .  Moreover ,  having the sensor s  
and r e c o r d e r s ,  we can s i m i l a r l y  automate m e a s u r e -  
ment of any p a r a m e t e r ,  for  example ,  veloci ty  and 
p r e s s u r e  in the boundary l aye r ,  in channels or  other  
flows. 

The method desc r ibed  for  automating m e a s u r e -  
ments  and drawing graphs ,  and also the e las t ic  sen-  
so r  mounts ,  do not introduce any m a j o r  changes in 
the measur ing  sys tem ord ina r i ly  used. There fore  the 
l imi t s  of appl icat ion of equipment automated in this  

way, and the i r  measu remen t  e r r o r s  r ema in  the 
same as  for  equipment of the o rd ina ry  kind, as de-  
s c r ibed  in [2-5].  The accuracy  of the graphs drawn 
i n c r e a s e s  because  of the r ap id  record ing  of a la rge  
number  of readings .  

At the p r e s e n t  t ime  we have automated,  on the 
bas i s  of the s e ve r a l  va r ian t s  of the method desc r ibed ,  
a l l  the exper imenta l  equipment re la t ing  to heat  and 
m a s s  t r a n s f e r ,  in na tura l  and forced convection,  used 
in the Heat and Mass  T r a n s f e r  Labora to ry  of the 
Inst i tute of Building Phys i c s ,  where more  de ta i led  
informat ion on this m a t t e r  may be obtained. 

NOTATION 
o ~  

u-velocity of oncoming air stream: t d -stream temperature from 
readings of dry thermocouple; t~-stream temperature from readings 
of wet thermocouple; ts-temperature of evaporation surface; 5t-con~ 
ventionat thickness of thermal boundary layer. 
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