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Resu l t s  a r e  shown of an expe r imen t a l  study concerning  the t r a n s i e n t  heat  t r a n s f e r  in p ipes  
with hot gas ,  and data pe r t a in ing  to va r i ous  modes  of cooling a re  gene ra l i zed .  

Cons iderab le  at tention is paid nowadays to r e s e a r c h  concerning  the t r ans i en t  heat  t r a n s f e r  p r o c e s s e s  
in channels .  Studies have shown that,  when g a s e s  a r e  heated in channels  [1, 2], the t r ans i en t  heat  t r a n s f e r  
p r o c e s s  is  s igni f icant ly  affected by the an i so t he r m a l i t y  of the s t r e a m  in t e r m s  of the t e m p e r a t u r e  fac to r  
Tw/T  b. F o r  th is  reason ,  the au thors  m e a s u r e d  the t r ans i en t  heat  t r a n s f e r  coeff ic ient  during the cooling of 

a hot gas in p ipes .  

T rans i en t s  were  produced  by e i the r  s tepwise  or  smooth i n c r e a s e s  in the t e m p e r a t u r e  of a hot gas  at 
the pipe en t rance  while the flow ra te  was main ta ined  constant  (G = const).  The gas was beginning to cool, 
while the pipe was beginning to heat  at a v a r i a b l e  ra te  3Tw/0~. The e x p e r i m e n t s  were  p e r f o r m e d  with 
th ree  pipe p i eces  of grade  Kh18N10T s teel  over  the following ranges  of p a r a m e t e r  values :  Reynolds  num-  
be r  Re f rom 3" 103 to 2 �9 105 , t e m p e r a t u r e  fac to r  Tw/T  b f rom 0+3 to 1.0, p r e s s u r e  p f rom 0.4 to 2.0 MN 
/m 2, and t e m p e r a t u r e  of the hot gas  at the pipe ent rance  up to l170~ Pipe  No. 1 had an inside d i a m e t e r  
d = 8.65 ram, wall th ickness  5 = 0.186 mm, and length L = 1241 mm; pipe No. 2 had an inside d i ame te r  
d = 42.8 mm, wall th ickness  6 = 0.6 mm, and length L = 2900 mm; pipe No. 3 had an inside d i a m e t e r  d 
= 9.82 mm, wall th ickness  6 = 1.15 mm, and length L = 1508 mm. 

Ai r  en te r ing  the t es t  zone had been p r ehea t ed  in an e l ec t r i c  furnace  (for p ipes  Nos. 1 and 2) or  in a 
combust ion c h a m b e r  opera t ing  on alcohol (for pipe No. 3). Throughout the tes t ing  t ime  we r e c o r d e d  the 
va r i a t i ons  in the a i r  flow ra te  (with d i aphragms  opera t ing  at a s u p e r c r i t t c a l  p r e s s u r e  ra t io) ,  in the a i r  t e m -  
p e r a t u r e  and p r e s s u r e  at the en t rance  and at the exit  (with Chromel - -Alumel  t he rmocoup le s  using w i r e s  0.1 
and 0.05 mm in d i a m e t e r s ,  and with model  ID-2I inductive p r e s s u r e  t r a n s d u c e r s ) ,  and in the t e m p e r a t u r e  
of the outside sur face  of a pipe at 8-11 sec t ions  (with Chromel - -Alumel  t he rmocoup le s  using wi re s  0.05 mm 
in d i a m e t e r  along p ipes  Nos. 1 and 2 but 0.1 mm in d i a m e t e r  along pipe No. 3). All i n s t rument  read ings  
were  t r a n s m i t t e d  to a model  N-004 osc i l log raph .  

All i n s t rumen t s  to be used  for  t r a n s i e n t  m e a s u r e m e n t s  had been t a r e d  and checked for  each t r ans i en t  
mode aga ins t  s t e a d y - s t a t e  condi t ions before  and a f te r  the tes t .  The ine r t i a  of al l  i n s t rumen t s  had been e s -  
t ima ted  and found within p e r m i s s i b l e  l im i t s  to ensure  r e l i ab l e  r eco rd ing  of data during t r a n s i e n t s .  Heat 
leakage  through the outside pipe s u r f a c e s  was de t e rmined  f rom ca l ib ra t ion  t e s t s .  

The t r ans i en t  heat  t r a n s f e r  coeff ic ient  

q~ (x, T) (1) 
Cx, +) = 

T b (x, ~) - -  T~o (x, ~) 

was de t e rmined  accord ing  to a p rocedu re  analogous to that used  in the heat ing t e s t s  [3]. The n e c e s s a r y  
va lues  of qw(x, z) and Tw(x, $) were  found by solving the r e v e r s e  heat  conduction p rob lem on the b a s i s  of 
t e m p e r a t u r e  and t h e r m a l  flux read ings  at the outside sur face  of a pipe wall ,  while the n e c e s s a r y  va lues  of 
Tb(X, ~) were  found by solving the one -d imens iona l  equation of energy.  The Nusse l t  number  was c a l c u -  
la ted  accord ing  to the fo rmula  
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with [4] 

(2) 

3115   007i+) 

for 0.85 -< x /d  --- 50 and F(x/d) -- 1 for x /d  > 50. All c r l te r ia l  groups here were defined in t e r m s  of the 
mean-ca lo r ime t r i c  s t ream tempera ture  Tb ac ros s  a given pipe section. 

The maximum relative e r r o r  in the determination of the t ransient  t r ans fe r  coefficient was 10-20%. 

The Nusselt  number Nu, represent ing the instantaneous local heat t r ans fe r  rate along a pipe, was 
2.5-3.0 t imes higher than the quasisteady Nusselt  number Nu 0 during the initial s tages of heating with ~T w 
//aT = 100-500~ During subsequent heating stages the pipe tempera ture  Tw stabilized, with the fac -  
tor  K approaching unity. The K profile along x//d is interesting, the highest values of K are noted at the 
beginning and at the end of a pipe. 

In [5] the authors showed a part ial  generalization of those tes ts  per formed at a constant initial wall 
t empera ture  T w equal to the ambient tempera ture .  It had been revealed there that K var ies  with t ime in a 
manner  which depends on the gas flow rate as well as on the law according to which the gas t empera tu re  at 
the entrance var ies ,  but does not depend on the gas p ressure .  Analogous resul ts  were obtained in the heat -  
ing t e s t s  [2]. An analysis of test  data pertaining to heating of gas [6] o r  cooling of gas and their  compar i -  
son with calculations for quasisteady turbulence profi les have shown that an appreciable departure of K 
f rom unity is not due to the superposit ion of t ransient  heat conduction on convective heat t ransfer ,  but due 
to changes in the turbulence s t ructure  of the s t ream.  The main role in these changes is played by the t ran-  
siency of boundary conditions with regard  to tempera ture  (constraints on ~Tw/~T) which, for the case of 
cooling, have been represented in [5] by the cr i te r ia l  groupt  

OT~ d V ~" (3) 
KT~.. = 0"~ " T~--T~o cpgG ' 

independent of the p ressure .  The appearance of Two in the expression for KTg makes the lat ter  a function 
of the initial conditions. For  this reason,  it becomes  worthwhile to take a different approach in setting up 
a cr i ter ion of thermal  t rans iency and to use the resul ts  in [7, 8] pertaining to the mechanism of turbulence 
generation. 

It has been shown in [8] that the turbulence charac te r i s t i c s  change with the distance f rom the wall. 
Within the viscous sublayer  (0 -< y+ ~ 5) the flow is not laminar .  Velocity fluctuations of small  amplitude 
and large amounts of fluid mass  f rom adjacent regions penetrate into it. Within the 5 ~< y+ _< 15 layer  there  
periodically appear vor t ices  which spurt to more remote regions.  The interaction between these vor t ices  
and the mains t ream,  especial ly within the 7 _< y+ _< 30 layer  produces turbulence which would usually be 
concentrated within a layer  reaching only to y+ = 70. The vor t ices ,  their  buildup and spurts  f rom that layer  
are random in t ime and depend on local conditions, but their  intensity and average frequency of appearance 
are functions of the modal pa r ame te r s  of the average flow. According to [8], the average spurt frequency 
is 

(~> = (ooRe:~7~, (4) 

where w 0 ~ 1 0  -7 sec -i .  The turbulence in the mains t ream at y+ > 70 is t r ans fe r r ed  to the boundary layer  
by convection and diffusion. Here it is charac te r ized  by l a rge - sca l e  displacements but smal le r  velocity 
fluctuations. 

An analysis  of this mechanism leads to the conclusion that under t ransient  conditions, apparently, 
the decisive role is played by the local var ia t ion of t empera ture  within the 5 _ y+ <__ 30 layer  of the s t r eam 
during an average period of t ime between two consecutive vortex format ions at a given point. According 
to (4), this average t ime can be est imated as 

1 1 A~* . . . . .  (5) 
~0 ~o0~e l ,75  �9 

It is sufficiently short  and, therefore ,  the r ise  in wall t empera tu re  during t ime At*  can be est imated as a 
l inear  increment  

?This group is the Predvoditelev number (editor 's  note). 
e 
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Fig. 1. Relation K = f(K~g) for var ious  values of Re and 0.7 _< Tw/T b 
_< 0.8: Re = (3.2)" 104; (4-5). 104; (5-6.25)- 104; (6.25-7.83)" 104; (7.83- 
9.83)" 104; (9.83-12.25). 104; (12.25-1.55). 105; (1.55-2)" 105 (curves 1- 
8 respectively);  I, II, and HI) re fe r  to pipes No. 1, No. 2, and No. 3 
respect ively.  

Fig. 2. Relation K = f(Tw/Tb) for var ious  values of Re and K~g: a) Re 
= (3.2-4)" 10~; b) Re = (6.25-7.83). 104; c) Re = (1.55-2). 105; K~g" 105 
= 6, 5, 4, 3, 2, 1 (curves 1, 2, 3, 4, 5, 6 respectively).  

AT* = OTw �9 hx*. (6) 
O~ 

After  the formation and then departure  of a vortex,  there appears  at the wall a layer  of the o rder  y+ <- 30 
thick where the flow has slowed down and the velocity gradient is very  small,  whereupon this local slow 
layer  interacts  with a large mass  of fluid moving at a velocity close to the mean overall  velocity.  As a r e -  
suit, fluid violently spurts  f rom the slow layer  into the far ther  regions.  This spurt is the main source of 
turbulent energy.  

One may hypothesize that, during t rans ient  cooling of gas while 0Tw/3T > 0, the slow mass  of gas at 
the wall has enough t ime to heat appreciably and to expand. This enlarges  its surface of interaction with 
the l a rge r  mass  moving fas te r  than the hot gas, and thus resul ts  in a higher spurt rate.  For  this reason,  
on the one hand, the rate of turbulence generation r i ses  while, on the other hand, a spurt of cold gas into 
the hot gas is ensured.  As Tw/T b decreases ,  however, the var ia t ions  in the thermophysica l  proper t ies ,  
expecially in the gas density at the wall, will have more  pronounced effects in t e r m s  of departure f rom 
isothermal i ty .  

According to the hypothetical mechanism by which t ransient  heating of the pipe wall genera tes  t u r -  
bulence, one may expect the effect of t rans iency to become s t ronger  with a higher volumetr ic  gas expan- 
sion rat io 

p 7r-~ (7) 

The change in density during the heating period is 

A9 = Po - -  P --- P~ ( T - -  To) ~ 9~ aT'~ �9 A-c*. 
o~ 

(8 )  
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I t  thus follows f r o m  an ana lys i s  of the m e c h a n i s m  by which the rma l  t r ans i ency  af fec ts  the s t ruc tu re  of a 
turbulent  gas  s t r e a m  that the d imens ion less  p a r a m e t e r  

p 0~ %Re ''75 (9) 

may be regarded as a criterion of this interaction. If one considers that fi = 1/T w for a gas at the wall 
temperature Tw, then 

KT = OTw 1 1 
0~ T w " %- Re'�9 (10) 

or,  s ince the effect  of the Reynolds number  is accounted for  separa te ly ,  

K; =.,arw . ! __i (11) 
at  T w to  o 

where co o is  a dimensional  constant  which could be conveniently rep laced  by the t ime  scale  fac tor  
just as  in [2, 5]. The c r i t e r ion  of t h e r m a l  t r ans i ency  becomes  then 

OTw d , f 1~ 
K * -  (12) 

"g-  av �9 ~ V c p g a  

The t e s t  points which had been plotted for  t r ans ien t  p r o c e s s e s  with a constant  initial wall t e m p e r a t u r e  were  
subsequently evaluated on the ba s i s  of th is  c r i t e r ion  so as  to yield an empi r i ca l  re la t ion  of the f o r m  K 
= f(K~g). Because all quant i t ies  he re  va r i ed  interdependently during the exper iment ,  the t e s t s  points were  
evaluat~ed in the f o r m  K = f(K~g) for  va r i ous  r anges  of Re and T w / T  b, whereupon this  re la t ion was r e f e r r e d  
to the ave rage  va lues  of Re a n d T w / T  b over  the i r  ranges  of var ia t ion.  The ranges  of the Reynolds number  
Re were  r e spec t ive ly  between Re = 3.2 �9 104, 4.104, 5" 104, 6 .25 '  104, 7.83" 104, 9.83" 104, 1.225" 105, 1.55 
�9 105, 2 .105 and the ranges  of the t e m p e r a t u r e  fac tor  T w / T  b were  r e spec t ive ly  between 0.6, 0.7, 0.8, 0.9, 
1.0. The K = f(K~g) re la t ions  thus obtained a r e  shown in Fig. 1 for  one range of the t e m p e r a t u r e  fac tor  
and seve ra l  ranges-of  the Reynolds number .  The cor responding  tes t  points for  the th ree  pipes  a r e  in s a t i s -  
fac tory  agreement �9  

Ratio K i n c r e a s e s  with inc reas ing  K~g, which is  explained by a m o r e  thorough development  of t u r -  
bulence at a h igher  K~g number .  According to (12), the K~g  number  d e c r e a s e s  when the gas  flow ra te ,  o r  

the Reynolds number ,  i nc r ea se s .  This  is  not an adequate in te rpre ta t ion  of how the Reynolds number  a f -  
�9 $ 

fec ts  the ra t io  K, however ,  because  Figs .  1 and 2 indicate that the effect  of the KTg number  on the ra t io  
K becomes  weaker  at a higher  Reynolds number .  When the Reynolds number  becomes  higher  and turbulence 
develops to a r i s ing  overa l l  level ,  the re la t ive  effect  of the additional turbulence development  due to t r a n -  
s iency becomes  weaker .  The effect  of Re on K weakens as  T w / T  b inc reases �9  

Unlike in a s teady p r o c e s s ,  where  the t e m p e r a t u r e  fac tor  has  no effect  on the heat t r a n s f e r  coef -  
f icient during cooling [4, 9], i ts  effect  he re  is  significant during a t r ans ien t  p r o c e s s  (Fig. 2). The effect  

* 
of the K~g  number  on the ra t io  K b e c o m e s  weaker  at lower  values  of Tw/Tb,  with K decreas ing  when KTg 
and Re r ema in  constant .  This  t rend  is p robably  due to a t r a n s v e r s e  m a s s  t r a n s f e r  a c r o s s  the s t r e a m ,  as 
a r e su l t  of a changing longitudinal t e m p e r a t u r e  profi le .  

During a t r ans ien t  p r o c e s s  the mean t e m p e r a t u r e  along the s t r e a m  drops  f a s t e r  than the wall t e m -  
pe ra tu re .  The gas  density i n c r e a s e s  more  in the m a i n s t r e a m  than at the wall,  t he re fo re ,  and this  is  c o m -  
pensa ted  by a radia l  m a s s  t r a n s f e r  f r o m  the wall to the m a i n s t r e a m .  The higher  the m a s s  t r a n s f e r  ra te  
is ,  the lower  is  the heat  t r a n s f e r  ra te .  The m o r e  an iso thermal  the s t r e a m  is  (the s m a l l e r  the fac tor  T w 
/ T  b is), the m o r e  different ly do T b and T w v a r y  longitudinally and the higher  is  the ra te  of radial  m a s s  
t r a n s f e r .  Under t r ans ien t  conditions, when aTw/D~ > aTb /aT  at a given sect ion,  the ra te  of radial  m a s s  
t r a n s f e r  i n c r e a s e s ,  because  the di f ference between the increas ing  densi t ies  in the m a i n s t r e a m  and at the 
wall becomes  l a r g e r  with r i s ing  t e m p e r a t u r e s  T w and T b. This t rend  weakens at h igher  va lues  of T w / T  b. 

All t e s t  data per ta in ing  to t r ans ien t  heat  t r a n s f e r ,  with the th ree  exper imen ta l  p ipes  of different  d i a m -  
e t e r s  and wall th icknesses ,  with different  laws governing the va r ia t ion  of the hot gas  t e m p e r a t u r e  at the 
e n t r a n c e ,  and with a constant  m a s s  flow ra te ,  were  evaluated in the f o r m  K = f{K~g, Re, Tw/Tb)  and then 
genera l ized  by a single re la t ion  
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Fig. 3. Tempera tu re  of the hot gas at the entrance 
Tb 0, ~ (1), at the exit TbL, ~ (2), gas flow rate G, 
g / sec  (3), gas p res su re  at the entrance P0, N/m2 (4), 
at the exit PL, N/m~, wall t empera ture  T w, ~ at s ec -  
tions x jd  = 8.05, 53.9, and 115 (curves 6, 7, and 8 r e -  
spectively), and ratio K at sections x /d  = 8.05, 53.9, 
and 115 (curves 9, 10, and 11 respectively),  as func-  
tions of t ime % sec during the t ransient  p rocess  with 
cyclic d ischarges  of hot gas: a) cycle No. 1, b) cycle 
No. 2, c ) c y c l e  No. 3. 

' \ T b I ~ Tb,  

for K~g f rom 0 to 2 �9 104, Re f rom 3.2" 104 to 20" 104 , and Tw/T b f rom 0.6 to 1. 

It must  be noted that relation (13) provides a real is t ic  basis  for compar ing our resu l t s  with known 
relat ions for steady cooling of a gas in a pipe. The quasisteady effects of Re, x/d,  and Tw/T b on the heat 
t r ans fe r  coefficient have been accounted for in the Nusselt  number Nu0, while K being a fimctton of Re mad 
Tw/T b indicates that these two quantities affect the Nusselt  number Nu differently under t ransient  than 
under steady conditions. It must  also be noted that relation (13) r e f e r s  to instantaneous local values of the 
heat t r ans fe r  coefficient along a pipe. 
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Fig.  4. Comparison of test points corresponding to a 
cyclic  d ischarge  of hot gas with relat ion (13): 1) Re 
= (5-6.25)" 104; T w / T  b = 0.9-1; 2) (4-5)" 104 and 0.9- 
1 respect ive ly ;  3) (5-6.25)" 104 and 0.8-0�9 4) (4-5) 
�9 104 and 0.8-0.9; 5) (4-5)- 104 and 0.7-0.8; solid l ines  
r e p r e s e n t  re la t ion (13); a) cycle  No. 2; b) cycle  No. 3. 

In o rde r  to ver i fy  the feas ibi l i ty  of using re la t ion (13) for  calcula t ions  of the t r ans ien t  heat  t r a n s f e r  
in channels  with initial conditions other  than had been cons idered  here ,  we tes ted  pipe No. 3 with per iodic  
d i scharges  through the t e s t  zone. The following cycl ic  flow modes  were  rea l ized:  d ischarge  for  90 sec 
with a pause 10 sec long, d ischarge  for  50 sec with a pause 50 sec long, and d ischarge  for  10 sec with a 
pause 90 sec long. The pipe cooled down during a pause,  whi le  the hot gas  was d iver ted  through a bypass ,  
and the pipe heated up again during a next d ischarge  of hot gas  through it. Since the re  was not enough t ime  
for  the pipe to cool down comple te ly  during a pause,  each success ive  heating cycle  began at a higher  
wall t e m p e r a t u r e  and continued at a lower  0Tw/~T but higher  Tw and T w / T  b. 

In Fig. 3 is  shown the t ime  va r i a t ion  of the va r ious  p a r a m e t e r s  during th ree  cyc les  of one such test:  
50 sec d ischarge  and 50 sec pause.  While T w and T w / T  b va ry  apprec iab ly  at the s t a r t  of the f i r s t  and the 
second cycle,  they va ry  much l e s s  during the second and the th i rd  cycle�9 The tes t  points do not s eem to 
f i t  the un iversa l  re la t ions  K = f(KT~, Re, Tw/Tb)  in [5] for  a constant  initial wall t e m p e r a t u r e  Two (with 
ze ro  initial heat  t r ans fe r ) .  On t h e ~ t h e r  hand, the t es t  data evaluated in t e r m s  of K = f(K~g, Re, T w / T  b) 
agree  c lose ly  with re la t ion (13) (Fig. 4). The K~g number ,  which is  independent of the initial conditions, 
thus m a k e s  it  poss ib le  to de te rmine  the ra te  of t r ans ien t  heat  t r a n s f e r  at any instant  of t ime throughout the 
p r o c e s s  f r o m  the change in T w, r e g a r d l e s s  of the law according to which the wall t e m p e r a t u r e  T w v a r i e s .  

Cp 
d 
g = 9.8 m / s e e  2 
G 
K = Nu/Nu 0 
KTg, K,~,g, 
L 
Nu 
Nu o 

r 

P 
qw 
P r  
Re 

f 

K T, K T 

N O T A T I O N  

is the specif ic  heat of the gas; 
is  the inside d i ame te r  of the pipe; 

i s  the m a s s  flow rate;  

a r e  the d imens ion less  groups  descr ib ing  the var ia t ion  of T w with t ime;  
is  the pipe length; 
i s  the Nusse l t  number  defined fo r  t r ans ien t  conditions; 
is  the Nussel t  number  defined for  t r ans ien t  conditions but on the bas i s  of the 
quas is teady relat ion; 
is  the radius;  
is  the p r e s s u r e ;  
is  the t h e r m a l  flux density; 
is  the Prandt l  number ;  
is  the Reynolds number;  
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is  the 
is  the 
is the 
is the 
~s the 
is the 
~s the 
~s the 
is the 
zs the 
~s the 
~s the 
~s the 

wall  t empe ra tu r e ;  
wall t e m p e r a t u r e  at t ime T = 0; 
m e a n - o v e r - t h e - m a s s  s t r e a m  t e m p e r a t u r e ;  

axial  velocity;  
axial coordinate;  
d imens ion less  dis tance f r o m  the wall; 
heat  t r a n s f e r  coefficient;  
t h e r m a l  expansivi ty;  
wall thickness;  
t h e rm a l  conductivity; 
density; 
t ime;  
f requency.  
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