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An exper imen ta l  study is made of the unsteady flow of heat  through an e lement  of a h e a t - e x -  
changer  wall  for  var ious  flow conditions of the h e a t - c a r r y i n g  medium.  These  p r o c e s s e s  a re  
compared  with the p r o c e s s e s  occur r ing  in the s imple  heating of the e lement  (i.e., with one 
end the rma l ly  insulated to prevent  through-f low of heat).  The compar i son  is made for  the 
s ame  flow conditions of the h e a t - c a r r y i n g  medium.  The conclusions of the thought expe r i -  
ment  desc r ibed  in [1 ] a r e  conf i rmed.  

Studies on the heat ing of solid bodies under  identical  conditions have shown that for  a given t e m p e r a -  
ture  di f ference the coefficient  of heat  t r a n s f e r  is dif ferent  for  different  bodies [1 ]. Accordingly,  one is 
led to cons ider  the question of the re la t ionship  between the tempos  of heat  t r a n s f e r  in s teady and unsteady 
p r o c e s s e s .  

The thought expe r imen t  desc r ibed  in [1] (see a lso  N. V. Shumakov, Doctora l  D i s se r t a t i on  of G. M. 
Krzhizhanovski i  Insti tute of Power  Engineer ing,  Moscow, 1955) impl ies  that there  is a cons iderable  lack 
of co r respondence  between these p r o c e s s e s .  

Expe r imen t s  on the flow of heat through a body s imulat ing an e lement  of a hea t - exchange r  wall  under  
s t a r t -up ,  changeover ,  and s t eady- s t a t e  conditions and on heat  flow in the body under  conditions of s imple  
heating (i.e., with an end of the body the rma l ly  insulated so that there is no through-f low of heat) conf i rm 
that the h e a t - t r a n s f e r  coefficient  behaves  di f ferent ly  in these p r o c e s s e s .  

The expe r imen t s  were  p e r f o r m e d  on a two-channel  appara tus  (apparatus D), which has much in c o m -  
mon with appara tus  B prev ious ly  descr ibed .  The l iqu id-car ry ing  channels between which heat  exchange 
occurs  a re  of r ec tangu la r  c r o s s  sect ion (30.2 • 39.9 and 30.8 • 39.8 m m  2) and length 1.8 m and a re  d i s -  
posed in the ve r t i ca l  plane, the hot channel above the cold, to e l iminate  natura l  convection.  The con-  
s ide rab le  thickness  of the wails  of the channels  (21 mm)  and the low the rma l  conductivity of the wall  m a -  
t e r i a l  (Text01ite , X = 0.2 k W / m  .deg) enable an i so the rma l  flow to be obtained in the channels .  Hot water  
flows in one of the channels and cold in the o ther .  At a dis tance ~ 28 bore  s i zes  f r o m  the tube inlet  there 
is located in the wall  separa t ing  the channels a moveable  "s l ider~ ca r ry ing  the measu r ing  body (cobalt or  
s i l v e r  cyl inders  of d i a m e t e r  15 m m  and length R = 50 ram,  designated Co-50 and Ag-50 below). Insulation 

TABLE 1 
Experiment 
NO. 

Exper imen ta l  Conditions 
Co-50 calorimeter 

Re H Re C 

1800 
4500 
7200 
1800~7200  . - -  
1800 3400 
7200 3400 
1800-+7200 3400 

Experiment 
No. 

8 
9 

10 
ll 

Ag-50 calorimeter 
Re H Re C 

1800 
4500 
1800 
7200 

3300 
3300 
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Fig. 1. T ime dependence of heat flux, 
I r e fe r s  to ql and II to q2' 
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q -- f(Fo); qcon = q" 1.163 W / m  2 (for notation see Fig. 4). 

Fig. 2. Heat flux as function of t empera tu re  difference,  q = q(0); qcon = q �9 1.163 W / m  2 (for 
notation see Fig. 4). 

was by means of granulated cork  and also a vacuum (not worse than 10-4-5 �9 10 -5 mm Hg). The quality of 
the insulation, both cork  and vacuum, was of the same order ,  although the use of a vacuum substantially 
complicates  the experiment .  The junctions of eight thermocouples  were located in the measur ing  body (at 
dis tances y = x / R  = 0; 0.1; 0.2; 1 - ~ 3 / 3 ;  ~3 /3 ;  0.8; 0.9; 1.0). 

Each  of the channels of the apparatus together with the supply tubes and a respect ive  U-10 the rmo-  
stat  forms a closed circui t .  Thermocouples  moni tor  the water tempera ture  at the inlet and outlet of each 
channel.  

In one of the ext reme posit ions of the s l ider  the ca lo r ime te r  is positioned in the wall separat ing the 
channels;  in the other, the measur ing  cyl inder  is moved into a special  chamber  for initial thermostat t ing 
to the p resc r ibed  t empera tu re .  

In the experiments  on simple heating, because of the increase  in the dimensions of the ca lo r ime te r  
resul t ing f rom the need to insulate the end at y = 0, par t  of the side wall of the lower channel was removed 
and the channel was connected to the chamber  for initial thermostat t ing.  The experimental  procedure  was 
much the same as descr ibed  previously  [1]. The experimental  data were analyzed through the solutions 
of the inverse  problem in success ive  intervals  [2]. The magnitude of the interval  into which the process  
was split up in t ime was AFo = 0.1 for the Co-50 ca lo r ime te r  and AFo = 0.5 for the Ag-50 ca lo r imete r .  
The exper iments  pe r fo rmed  are listed in the table. 

In all the experiments  the water  tempera ture  at the inlet to the hot channel was maintained at t H 
-- 75~ in the cold channel t C = 25~ The initial t empera tu re  of the measur ing  body t o = 25~ In the 
table the dashes in the Re C column mean that the corresponding experiments  (Nos. 1-4, 8, 9) relate  to 
simple heating of the body (surface at y = 0 thermal ly  insulated). The two numbers  in the Re H column in- 
terconnected by an a r row (experiments Nos. 4 and 7) show that the corresponding experiment relates  to the 
heating of the body under changeover  conditions, i,e., when the flow of the hea t - ca r ry ing  medium is changed 
f rom Re" = 1800 to Re~{ = 7200. The conditions investigated in the remaining experiments  can be identified 
with the t~tart-up mode of a heat exchanger .  

Thus, three different types of unsteady heat flow in a solid body were investigated: the s ta r t -up  and 
changeover  modes of a heat exchanger,  and simple heating of the body for fixed and s tep-wise  variable 
conditions at the inlet. 

Figure 1 shows the time dependence of the heat flux density ch(7 ) and q2(7) at the boundaries x = R 
and x = 0 for three experiments (Nos. 5-7). Two of them (Nos. 5 and 6) simulate start-up modes and the 
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Fig. 3. T e m p e r a t u r e  at x = x* in 
expe r imen t s  on s imple  heating.  
Solid cu rves  co r respond  to Co-50 
c a l o r i m e t e r  and dashed to Ag-50.  
Reynolds number  Re: 1) 4500, 2) 
1800. T i m e  7 in seconds.  

third (No. 7) the changeover  mode of a heat  exchanger .  In the 
s t a r t - up  expe r imen t s  the functions q(~) a re  smooth  and mono-  
tonically approach  the i r  s t eady- s t a t e  values  (ql (~') dec reas ing  and 
q2(r) increasing) .  In the changeover  mode {experiment No. 7) 
the sharp  i n c r e a s e  in the flow veloci ty  of the h e a t - c a r r y i n g  m e -  
dium dis turbs  the monotonic dec rea se  of ql(r): the heat  flux In-  
c r e a s e s  sharply,  but a f te r  a t ime Fo ~ 0.25-0.30 the function 
q(~) again becomes  monotonical ly  decreas ing ,  tending " f r o m  
above,  towards  the ql(7) cor responding  to the new flow condi- 
t ions.  

Figure  2 shows the heat  fiux q as a function of the ins tan-  
taneous t e m p e r a t u r e  di f ference q(~) for  expe r imen t s  Nos. 1-7.  
The behavior  of the heat  flux at the hot end is shown by the cu rves  
ql(~H) going f r o m  the top right in the d i rec t ion  of dec reas ing  t e m -  
pe r a tu r e  d i f ference .  The functions q2(~), on the other hand, 
s ta r t ing  f r o m  ,~C = 0 inc rease  with inc reas ing  ~C- In the change-  
over  mode the function ql(~ri) va r i e s  smoothly  when the flow 

veloci ty  of the h e a t - c a r r y i n g  medium is inc reased  and approaches  the f o r m  cha rac t e r i s t i c  for  the new flow 
conditions.  Due to the iner t ia  of the solid body, the ent i re  s y s t e m  goes over  into the new mode a f t e r  a 
t ime of o rder  Fo -~ 0.5 (1- -~ 70 sec) .  The same  conclusion can be reached f r o m  an analys is  of the r e su l t s  
of the exper iments  on s imple  heating of the body with changeover  of the inlet conditions (exper iment  No. 4). 
He re  the function q(0) v a r i e s  smoothly  f r o m  the value c h a r a c t e r i s t i c  fo r  expe r imen t  No. 1 to the value 
c h a r a c t e r i s t i c  for  exper iment  No. 3 (Fig. 2). All this is be t t e r  i l lus t ra ted  by the behavior  of the hea t -  
t r a n s f e r  coeff icients  (see below). 

Expe r imen t s  Nos. 1 and 8 and Nos.  2 and 9 can be r ega rded  as pa i r s  of expe r imen t s  under  identical  
ex terna l  condit ions.  A compar i son  of the t e m p e r a t u r e - v e r s u s - t i m e  curves  for  the coordinate  x* c o r r e s -  
ponding to the mean  t empe ra tu r e  (Fig. 3) conf i rms  one of the consequences of the basic  coupling equation 
[3]: the h e a t - t r a n s f e r  coefficient  a in these  exper iments  is a va r iab le  quantity, dec reas ing  as the p r o c e s s  
evolves .  Let  us compare  its behavior  under  these conditions of s imple  heating with its behavior  in hea t -  
t r a n s f e r  p r o c e s s e s .  

Figure 4 shows plots  of the h e a t - t r a n s f e r  coefficient  v e r s u s  t empe ra tu r e  difference,  a(0), at the 
heated and cooled su r f aces  of the measu r ing  body of the c a l o r i m e t e r .  If unsteady t r a n s f e r  of heat  takes 
place  at constant  inlet flow conditions of the h e a t - c a r r y i n g  medium (s ta r t -up  mode), then at sma t l  Re H 
the magnitude of the h e a t - t r a n s f e r  coefficient  r ema ins  constant  in the p r o c e s s .  

At the more  intense flow in expe r imen t s  Nos. 6 and 11 (Re H = 7200, and a lso  in exper imen t s  at Re H 
= 4500 now shown here) ,  when the t e m p e r a t u r e  di f ference in the p roce s s  changes grea t ly ,  the quantity aH 
i n c r e a s e s  in propor t ion  to (Prf /Prs t )~ [4]. 

A compar i son  of the values  of aH for  the s ame  t e m p e r a t u r e  d i f ference  in expe r imen t s  Nos.  5 and 10 
and Nos. 6 and 11 shows that aH for  the Co-50 c a l o r i m e t e r  is somewhat  g r e a t e r  than for  the Ag-50 ca lo r i -  
m e t e r .  This  di f ference is not so  pronounced as in p r o c e s s e s  of s imple  heating [1] and amounts to around 
5-15%. 

The value of ~ at the end of record ing  (Fo = 3 or  T = 420 see fo r  the Co-50 c a l o r i m e t e r ,  Fo = 20 
o r  ~- = 300 sec  for  the Ag-50 ca lo r ime te r )  is c lose  to the value of the h e a t - t r a n s f e r  coeff icient  under  s t eady-  
s ta te  conditions in the given exper iment ,  ~st- The la t t e r  quantity was de te rmined  in the following manner .  
Af ter  the heating p roce s s  had been recorded,  the c a l o r i m e t e r  was left  in its ,work ing  pos i t ion ,  for  not less  
than 25-30 rain. The t e m p e r a t u r e  dis t r ibut ion was a s sumed  to be s t a t ionary  a f te r  this t ime (formal ly  taken 
as ~- ~ ~o), and the heat  flux was calcula ted in t e r m s  of the t e m p e r a t u r e  drop qst = At~ /R .  Recording the 
t e m p e r a t u r e  of the su r face  at 7 -*- co enables  ~st  to be calcula ted.  The values  of O~st a re  a lmos t  the s a m e  
as the values  of anonst  cor responding  to the end of r ecord ing  of the p r o c e s s .  

The value of the h e a t - t r a n s f e r  coefficient  at the hot end exceeds  the value given by Mikheev,s  f o r -  
mula  by a fac tor  of around 5 for  Re H = 1800, 1.5-2 for  Re H = 4500, and 1.3 to 1.5 for  Re H = 7200. This  
may  pe rhaps  be due to the sma l l  value of l / d  in our expe r imen t s .  Evidently,  this question can only be r e -  
solved by studying unsteady heat  t r a n s f e r  through an extended wall.  
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Fig. 4. Plots  of hea t - t r ans fe r  coefficient versus  tempera ture  
difference.  Solid curves  re la te  to heated end, dashed curves  
to cooled end. Numbers  1 to 11 correspond to experiments  
Nos. 1 to 11 respect ive ly .  

In the exper iments  on the simple heating of the solid bodies, e H at the beginning of the p rocess  coin- 
cides with the value obtaining under h e a t - t r a n s f e r  conditions; it subsequently fails during the recorded  
stage by a factor  of more  than 2. 

Thus, the h e a t - t r a n s f e r  coefficient behaves differently depending on whether the measur ing  body is 
s imply  heated or  on whether heat is being t ranspor ted  through this same body heated under the same condi- 
tions of flow of hot liquid around it (see also Fig. 46 in [1]). 

It is of in teres t  to compare  the t ime var ia t ion of the tempera ture  field in a body under conditions of 
s imple heating (Fig. 5a) and under conditions of unsteady heat t r ans fe r  (Fig. 5b). 

The space - t ime  net method [5] was used to construct  the tempera ture  fields reproduced in these 
f igures .  The separa te  time (at top right) shows the tempera ture  distr ibution in the measur ing  body of the 
ca lo r ime te r  as ~- ~ ~. 

The tempera ture  of the surface  being heated var ies  identically in the initial stage of the p rocess  in 
both cases ;  the rate  of increase  of sur face  tempera ture  for  simple heating begins to exceed that for heat-  
t r ans fe r  conditions only f rom Fo -~ 0.5. The tempera ture  drop over the thickness of the body At = t(R) 
- t (0 )  is also identical in both cases  up to Fo = 0.2; in the hea t - t r ans fe r  case At continues to increase  for 
t imes  Fo - 0.2 due to the less rapid var ia t ion of the tempera ture  of the cooled surface (x = 0) as it ap- 
proaches  its s teady-s ta te  value (Atst = 19.65 ~ for Fo ~ 20). In the s imple-heat ing case the tempera ture  
drop inc reases  to At = 16.9 ~ at Fo = 0.3 and thereaf ter  smoothly dec reases ;  at Fo = 3.0 (end of continuous 
recording) it amounts to 4.31~ and at Fo ~ 15 the tempera ture  drop At = 1.25~ The tempera ture  fields 
va ry  in a s imi la r  manner  for  bodies of different mate r ia l s ;  the time required to reach what may be called 
the quasis ta t ionary state va r ies .  For  Co-50 this time equals Fo ~ 1.0, and for Ag-50 it is Fo -~ 3-4. This 
so r t  of var ia t ion of the t empera tu re  fields cor responds  to the principle of superposi t ion.  

The behavior of the hea t - t r ans f e r  coefficient at the hot end is in complete accord  with the above pic-  
ture:  the values of the h e a t - t r a n s f e r  coefficient under s imple-heat ing and hea t - t r ans f e r  conditions are  the 
same  so long as the tempera ture  fields in the body are  the same.  The decrease  in the tempera ture  drop in 
the body under s imple-heat ing conditions (compared with the drop under hea t - t r ans fe r  conditions) leads to 
a decrease  in the value of the hea t - t r ans f e r  coefficient (see Fig. 4). 

As a l ready noted, oz va r i es  by a factor  of more  than 2 in the experiments  on simple heating. If the 
t ime for which the tempera ture  is recorded  were increased,  one could expect an even l a rge r  variat ion.  

In the changeover  mode (experiment No. 7) aTI var ies  f rom a value corresponding to the initial Re H 
-- 1800 to a value close to that corresponding to the fInal Re H -- 7200. This is also observed in the simple 
heating of the body when the flow conditions of the hea t - ca r ry ing  medium are changed (experiment No. 4). 
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Fig.  5. T e m p e r a t u r e  field in Co-50 m e a s u r -  
ing body. a) In exper iment  No. 3 (Re H = 7200; 
| "r) = t(x, T ) - t  0 = f(x, "r); solid cu rve s  show 
| dashed curves  show @(x). b) In expe r i -  
ment  No. 6. c) In exper imen t  No. 7. 

We note that the shut te r  used to v a r y  the flow 
conditions can be actuated in l ess  than one second.  
The t ime  requ i red  for  the fiow to s tabi l ize  hydro -  
dynamica l ly  is of the s a m e  o rde r .  The t ime during 
which the mos t  significant  var ia t ion  of ei_ I o c c u r s  is  
around 50-70 sec .  Evidently,  the var ia t ion  of a~t in 
these expe r imen t s  can only be asc r ibed  to the r e a d -  
jus tment  of the t e m p e r a t u r e  field in the solid body. 

Let us cons ider  how the t e m p e r a t u r e  field v a r i e s  
in the changeover  mode.  The t e m p e r a t u r e  field in 
exper iment  No. 7 is shown in Fig. 5c. Up to a t ime 
~" = 280 sec it is identical  to the field in exper iment  
No. 5 (Re H = 1800, Re C = 3400). The var ia t ion  of the 
field a f te r  ~- = 280 sec  is due en t i re ly  to the change in 
the flow conditions at the hot end (Re H = 1800 ~ 7200). 
The t e m p e r a t u r e  drop over  the thickness  of the body 
tends to the value cor responding  to the conditions of 
exper iment  No. 6 (Re H - 7200, Re C -- 3400). 

The t e m p e r a t u r e  of the sur face  at x = R and so  
also the t e m p e r a t u r e  drop l ikewise tend towards t(R, 
~) and ~(R, T) f r o m  exper iment  No. 6. In the change-  
ove r  mode q(~-) and ~(R, ~) tend at dif ferent  r a t e s  to-  
wards  the fo rms  cha rac t e r i s t i c  for  exper iment  No. 6, 
so that the h e a t - t r a n s f e r  coeff icient  i n c r e a s e s  
smoothly  to the value cor responding  to the new flow 
conditions. 

Thus, the boundary conditions es tabl i shed on 
one su r face  of the heat  exchanger  wall depend not 
only on the p a r a m e t e r s  cha rac te r i z ing  the flow of 
the h e a t - c a r r y i n g  medium,  but a l so  oll the conditions 
under  which heat  is r emoved  f r o m  this su r face .  
These  conditions depend, in turn, on the ra te  at 
which heat  is t r anspor t ed  to the opposite su r face  
and on the p a r a m e t e r s  of the wall i tself .  It follows 
f r o m  this that for  given flow conditions and a given 
t e m p e r a t u r e  di f ference the h e a t - t r a n s f e r  coefficient  
can take on a se t  of va lues ,  the value of ~ under  
s teady conditions being the m a x i m u m  for  a given 
f iow-wall  sy s t em.  These  resu l t s  conf i rm the con-  
clusions of the thought exper iment  f i r s t  devised in 
1955. 
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