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A theore t i ca l  ana lys i s  is p resented  for  the flow pulsat ions in a s t e a m - g e n e r a t i n g  pipe, which 
is based on compute r  in tegra t ion  of a s y s t e m  of equat ions in par t ia l  de r iva t ives .  

One cannot predic t  reasorm.bly accura te ly  the onset  of pulsat ions in such a s y s t e m  because  the p ro ce s s  
is  complex  and is  affected by many  p a r a m e t e r s .  Computer  s imula t ion  is poss ib le  via a model  fo r  the non- 
s t a t ionary  heat  t r a n s f e r  and hydrodynamics ,  which involves a sys t em of equations in par t i a l  de r iva t ives  for  
the conse rva t ion  of energy,  m a s s ,  and m o m e n t u m  in the homogeneous and two-phase  flows [1], as well as  
the energy  equation fo r  the tube. The re  a r e  numerous  nonl inear i t ies  and the s y s t e m  is of high order ,  so the 
mos t  p rec i se  numer ica l  re la t ionships  a re  obtained by numer ieM compute r  in tegrat ion.  Special at tention 
has been  given ~o the fo rm of the equations and the a lgebra ic  re la t ionships  that accompany the different ia l  
equat ions.  The s t ra igh t - l ine  method has  been used to solve the s y s t e m  of equations in par t ia l  de r iva t ives .  
A f o u r t h - o r d e r  R u n g e - K u t t a  t r e a t m e n t  was used to solve the resu l t ing  s y s t e m  of ord inary  different ia l  equa-  
t ions,  which has  m a j o r  nonl inear i t ies .  
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Fig.  1. T ime  va r i a t ion  in the m a s s  flow ra te  
at a tube inlet  during pulsat ions ffull line f r o m  
m e a s u r e m e n t ,  b roken  line f r o m  calculation): 
a) conditions of run 28 [10] (q = 355 000 kcal 
/m2"h:  Tin = 264.9~ P = 57.8 kg/em2);  b) 
conditions of run 438 [10] (q = 191,500 keal 
/ m  2 -h; Tin = 270.5~ p = 100 kg/emZ).  

One has to make  a careful  choice of the coordinate  
s y s t e m  in which to r e p r e s e n t  the equations,  because  
the re  a re  two media  (homogeneous and two-phase) ,  the 
heat  flux v a r i e s  along the tube, the two-phase  mix tu re  
does not adhere  to the wall, and the boundary between 
the two media  shif ts  cons iderably  during t r ans i en t s .  

Lagrange  or  Eu l e r  coordinates  may  be used for  
the s y s t e m  of di f ferent iaI  d i f ference  equations.  If L a -  
grange coord ina tes  a re  used, m a j o r  diff icult ies  a r i s e  
if the med ium does not adhere  to the wall and the tube 
is unevenly heated [2]. The Eu le r  s y s t e m  [3] is f ree  
f r o m  these  def ic iencies ,  but it is ra t ional  if the medium 
has a boundary between the phases  whose posi t ion v a r i e s  
in t ime,  since the s y s t e m  does not respond to the pos i -  
t ion of the boundary when this I ies  within a spat ia l  e l e -  
ment .  Also,  the re  is a discontinuity in the ve locity when 
the boundary moves  f r o m  one spat ia l  e lement  tO another .  
The d isadvantages  of the Eu le r  r ep re sen t a t i on  can be 
min imized  if one substant ia l ly  reduces  the step in the 
spat ia l  coordinate ,  though this may  impose  a reduct ion 
in the t ime s tep in o r d e r  to avoid numer ica l  instabi l i ty  
in the solution, and this m a y  resu l t  in an i m p e r m i s s i b l e  
i nc rea se  in the machine  t ime  needed. 

A cons iderable  sav/ng in machine t ime  is poss ibIe  if  
a L a g r a n g e - E u l e r  s y s t e m  is used, with the economize r  s e e -  
tion inthe  Lagr  ange r ep resen ta t ion  and the evapora to r  one in 
the Eu le r  r ep resen ta t ion .  
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Fig. 2. Distr ibution of the mass  flow ra te  along the tube length 
(m) during pulsations for  t imes  (sec) of: 1) 28, 2) 29.9, 3) 36.8, 
4) 31.1, 5) 35.6, 6) 33.5. 

where  j = 0, 1, 

The usual assumptions [2-5] were  made in o rde r  to simplify the sys tem,  and these were  shown to be 
justified for  the pa r ame te r s  and per turbat ions  cha rac t e r i s t i c  of bo i le rs .  

The following fo rm can then be given to the a lgebra ic  re la t ionships  and the sys tem of equations�9 

1. The equations for  the medium in e lement  j in the economizer  part:  

dZj 1 4 a Zj--Zj_I[ 1 1 dZj.~ 
dt = -2  win --  rin ~(Pev) 7- Tj- -Tj .1  (Tq) T ~ - ~  (T~ + Ti. 0 dt ' (1) 

�9 . . k (k ls the number of par ts  along the axis into which the economizer  part  is divided), 

i (T s __ Tin); Zj=o =0;  zj=,~ = z~o r j  = T;~ + 

2. Te mpe ra tu r e  of the tube metal  in e lement  j [6]: 

dT~ ] Qj c~Hj 

( - ~ -  U p~c~ (VT)~ pTc~. (y~)j, [(Tq) r -  7T] ,  
(2) 

dTv '1 = - -  Q~ + 5.9 / dTT t (Tr 
- - ~ - / 7  0,205 o~eT (Vr  \ - d / - - / T  + 0.205~ ' 

where T[ is the in ternal  t he rma l -de t ay  t ime [6]. System (2) approximates  ve ry  closely to the equation of 
the rma l  conduction for  the per turbat ion  f requencies  encountered in boi ler  operat ion.  

3. The evapora tor  sect ion in e lement  j: 

( ~ -  {[~9"~-b(l--qD)P ]s i - -  [q~O"~ + ( 1 - - ~ ) P  ]J-lwi -'} - -  (3) 
�9 (p' - -  hzj j-~ ; 

with the slip fac tor  
1 - -  ~0 i p '  X ~  

ZJ = ~ p" 1 - -  X j  (4) 

The propor t ion of s team by weight is deduced f rom the express ion  for the s team content in t e r m s  of p r e s -  
sure  as given in [7]: 

q~ 0,833 + 0.167X fi- ~ (P) f (d)Frst  2. (5) 

F r o m  (5) we get 
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Fig .  3. T i m e  v a r i a t i o n s  in inlet  (full line) and 
out le t  (b roken  line) m a s s  f low r a t e s :  a) pu l sa t ion  
s ta te ;  b) f o r c e d  inle t  f l o w - r a t e  v a r i a t i o n s  f o r  pW 
= 700 k g / m  2 . see ;  e) the s a m e  fo r  pW = 1500 kg 
/m 2 �9 see. 

The dens i ty  is  

X j  - -  

0,833v" + (v' - -  v") q~j - -  0.  167qoj - -  

0,334v" 

B 

(pW)~ 

[( < 0.833v" + (v' - -  v") % - -  0.167q~j 
+ �9 

0.33@" 
1 

v'q~ + 0.833% ( 9 ~ j ]  T 

+ - 0.167v" , (6) 

where  
1 

Also,  ~(P) and f(d) a r e  func t ions  that  t ake  account  
of the e f fec t s  of the p r e s s u r e  and tube d i a m e t e r ,  
which have  been  de r i ved  by p r o c e s s i n g  the abundant  
e x p e r i m e n t a l  ev idence .  The  h e a t - t r a n s f e r  f a c t o r  

is io 7 

C~j = i l l  ( P ) J T - [ ( T q ) u - - T , ] T , - -  ( v )  

w h e r e  

[1 (P) = 2 . 0 1  (p0.14 -i" 1 . 8 3 . 1 0 - 4 p 2 ) .  

The  speed  of the l iquid is 

w :  = [Aw% -F A ( 1  - -  q o ) ] j _ , w i _ , - F  qjAZj 

, [A+~ + A (1 - -  ~)lJ ' 

where  

The heat flux is 

A - ( i"--  i') o'p" 
9 '  - -  P" 

2 
qj = - -  % [(Tq) T - -  r s  ]" 

tin 

(8) 

(9) 

oj = s + (1 - -  m) o'. ( 1 0 )  

4.  The  m o m e n t u m  equat ion  

Lc d (py)  = A P c - -  ~ (F)7Az j 1 ~-~ 

;=o i=o 

+ (1 - -  +) 9']~ (w')~ - -  [~p9"% ~ 4- (1 - -  r 9 l j-1 ( )]_,J + - -  [cp9" 4- (I - -  ~P)' ] F cos 0jAza. 
/'=0 

The  speed  at the in le t  to a tube:  

{ ' 1 
AWl n = L c (9-W) - -  9 (~in)o (Zunh+ Z e c ) -  ~ -  

X{P'(Zunhnt-geC)+-~-- [ ~  
]=1 

(11) 

n = (Win)o + A~Vin, (12) 

- Z  { [ q # ' Z + ( 1 - -  o'  ' , , } +), J J-, (%)J-, + [+o"z + (1 - +) o ]~ (%)j}A~j 

r 0 ,  tt [~0"z + ( 1 -  ~), ]~-1%~ + [+,o x + (1 - + ) 0 ' j j o ~ }  Azj , (13) 

w h e r e  
(W,o)j [Aqo% + A (1 - -  cp)]j_~ (~'o)J-a -F qjAz~ 

o ' j =  

[Aqox -F A (1 - -  +)]j 

A 
[:Acpz + A(1 __q~ltj ; %'--o = 1. 
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Fig.  4. T ime  va r i a t ion  in the components  of 
the r e s i s t a n c e  and in the p r e s s u r e  d i f ference  
between the co l l ec to r s  during pulsat ion in a 
hor izonta l  tube.  

The f r ic t ional  r e s i s t ance  in the s ing le -phase  flow: 

(Ffrb = ~ -2edp----ff' (14) 

where the coefficient  of f r ic t ion~j  is defined [8] 
I 

~ j = 0 , 0 0 5 5 I I - - 0 , 0 0 1 [ ( r s j - - r ~ ] }  i §  ] (15) 
d' Re,/ ] 

The fo rmu la  applies  for  Re -> 4 x 103. The .frictional 
r e s i s t a n c e  fo r  the two-phase  flow is  

(FfPJ = ~J~J - - 2 g d - 7  I + x i- - ~ -  - 1 , (16) 

where  ~ is  the ra t io  of the coeff icients  Of f r i c t ion  for  
the actual  two-phase  fl0w and fo r  a homogeneous flo~,, 
which is  defined [9] as a function of Rej and p j / p ' .  The 
local r e s i s t ance  is 

( 5 ) ~  . a 7 )  
(F1)j := ~ 1 2ggf ' 

Azj = 1 fo r  the local  r e s i s t a n c e .  

Here  we give r e su l t s  fo r  the flow pulsat ions in a 
se t  of para l le l  s t e a m - g e n e r a t i n g  tubes having common  
inlet and outlet co l l ec to r s .  The pulsat ions occur  in one 
or  m o r e  tubes whose t h e r m a l  or  hydraul ic  conditions 
a r e  unfavorable,  whereas  the behavior  r e m a i n s  s table  
in mos t  of the para l le l  tubes,  which have a constant  o r  
sl ightly var iab le  p r e s s u r e  difference between the co l -  
l ec to r s  even  when the re  a r e  pulsat ions in a tube. 

We used an M - 2 2 0  compute r  fo r  the numer ica l  
in tegrat ion.  

The pulsat ion model  was der ived  as fotlows. The 
p r e s s u r e  di f ference between the co l lec tors  was gradual ly  

reduced fo r  a high init ial  m a s s  f low ra te  and given initial  conditions, which s imula tes  the flow reduct ion in 
the shunting s y s t e m  of pa ra l l e l  tubes .  The p r e s s u r e  reduct ion continued until f l ow- ra t e  pulsat ions s ta r ted ,  
a f t e r  which the p r e s s u r e  di f ference was kept constant  and the pulsat ions were  r ecorded .  At the s tabi l i ty  
l imit,  a sma l l  reduct ion in the flow ra te  caused a cons iderable  i nc r ea se  in the ampli tude of the pulsat ions.  
If that ampli tude was large,  the flow ra te  was marked ly  nonl inear .  The p r o g r a m  allowed one to adjust  the 
throt t l ing at the inlet or  outlet at any instant,  as  well as the heat loading and the t e m p e r a t u r e  deficiency at 
the inlet. 

The theore t i ca l  solution was c o m p a r e d  with t e s t s  run  on the pulsat ion t e s t  bed at the Polzunov Centra l  
Boi ler  and Turbine  Insti tute [10]. The a g r e e m e n t  was good as r ega rd s  the mean  m a s s  flow for  pulsat ion 
onset  and as  r e g a r d s  the per iod of the pulsat ions (Fig. 1). 

Also,  d i r ec t  solution of the equations in par t ia l  de r iva t ives  made  it poss ib le  to examine  the changes 
in the pr incipal  p a r a m e t e r s  during the pulsat ions .  

F igure  2 shows the fa i r ly  compl ica ted  dis t r ibut ion of the flow ra te  along a tube during the pulsat ions.  
The inlet flow r a t e s  at definite ins tants  co r r e spond  to the curve  of Fig. lb .  F igure  2 shows that  the pu lsa -  
t ions in one par t  of the tube a r e  opposi te  in phase to those  in the other  par t ,  and the point of phase change 
shif ts  dur ing a pulsat ion f r o m  the s t a r t  of the e v a p o r a t o r  sec t ion  to the end. 

This  ins tabi l i ty  causes  the inlet  flow ra te  to f luctuate in opposi te  phase to the outlet ra te .  A s table  
s t a te  was provided by inc reas ing  the mean  flow ra te  in a tube. If forced  inlet f low- ra te  var ia t ions  were  
produced in the stable s ta te  (the ampli tude and f requency being s i m i l a r  to those of the pulsations),  the v a r i -  
ation ampli tude in the outlet ra te  at f i r s t  fel l  as  the mean  flow ra te  was inc reased  re la t ive  to the ampli tude 
of the inlet  var ia t ion ,  then b e c a m e  zero,  and finally osci l la ted  in phase with the inlet (Fig. 3). This  occu r r ed  
because  the evapora t ion  sec t ion  shor tened and the re  was a reduct ion in the t ime  to t r a n s m i t  a flow p e r t u r b a -  
t ion f r o m  the s t a r t  of that sec t ion  to the end. 
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One can deduce the pulsation mechanism from the distribution of the principal parameters in time 
and along a pipe. If the flow rate falls on account of reduced pressure difference between the collectors, 
this: I) increases the length of the evaporation section and also the time to transmit a perturbation along 
that section, 2) causes increased steam content and hence increases the resistance of the evaporator sec- 

tion. Then (II) for the flow rate in a horizontal tube may be put as 

Lc d - -  g -  d--/- (~,W) =APo - (AF~ + AI:~ + A,~9. (is) 

I f  AP e fa l ls ,  the tube r e s i s t a n c e  (AFfr + AF 1 + A F a c  ) at f i r s t  changes only slightly if the length and 
o ther  quanti t ies  a re  appropr ia te ,  and this pe r s i s t s  until the f low- ra te  pe r tu rba t ion  has reached the end of 
the e v a p o r a t o r  sect ion.  Then (18) shows that the negative quantity of the r ight  s ide of the equation fal ls ,  
which i n c r e a s e s  the r a t e  of reduct ion in the inlet  flow ra te .  Af ter  a ce r t a in  t ime ,  the f l ow- ra t e  p e r t u r b a -  
t ion approaches  the end of the tube, where the r e s i s t a n c e  is g rea tes t ,  and the right side of (18) s t a r t s  to 
i nc r ea se  and becomes  posi t ive.  Correspondingly ,  the ra te  of inlet  f low- ra te  inc rease  f r o m  being negative 
becomes  posi t ive,  whereas  the outlet flow rate  continues to fall .  If APe ceases  to va ry  in this period,  
per iodic  f low-rate  pulsat ions will p e r s i s t  in the tube,  mid the r e s i s t a n c e  components  will have c e r -  
tain ampli tudes  and mutual  phase  shif ts ,  with the r e su l t  that the overa l l  tube r e s i s t a n c e  v a r i e s  only s l ight ly.  
Figure 4 shows the pulsations in the resistance components for a horizontal tube. Small pulsations 
in APc occur on account of small variations in overall flow rate, but their amplitude settles down at 
a certain level. If APc remains constant when the mass flow rate falls to the unstable region, the pulsa- 
tion amplitude increases as time passes. 

This mechanism explains the effects of inlet and outlet throttling. Increase in outlet throttling in- 
creases the proportion of the resistance due to the end of a tube, and the length of the evaporation section 
has to be reduced ([.e., the flow rate has to be increased) if we are to keep unaltered the time for a per- 
turbation to propagate from the start of that section to the part where the resistance changes most rapidly. 
The stability therefore deteriorates. Inlet throttling shifts the stability limit downwards the most exten- 
sively the greater its relative contribution to the total resistance of a tube. In fact, change in inlet flow 
rate affects the resistance, so the right side of (18) cannot be altered vez7 substantially, and so one has to 
reduce the flow rate in order to initiate pulsations, which thereby increases the relative contribution of the 
evaporation section to the total resistance. 

P 
V 
Cp 
d 
2, 
g 

(p,p, X 
Q 

T, T s 
Tq 

T T 
q 
V 
r in  , re ,  d 
Lc 
Zunh 
Zec 
Z 
H 
Az 
At 
t 

N O T A T I O N  

is the density,  kg/m3;  
is the spec i f ic  volume,  m3/kg ;  
is  the spec i f ic  heat at constant  p r e s s u r e ,  k c a l / k g . d e g ;  
is the t h e r m a l  diffusivity,  m 2 / h ;  
is the t h e r m a l  conductivity,  k e a l / m "  h" deg; 
is the gravi ta t ional  acce le ra t ion ,  m/ sea2 ;  
is the heat  t r a n s f e r  coeff icient ,  k c a l / m  2 �9 hr  �9 deg; 
a r e  the s t e a m  contents f r o m  p r e s s u r e ,  flow, and weigh t -bas t s  flow; 
is  the heat,  kcal; 
a r e  the t e m p e r a t u r e  of med ium and sa tura t ion,  ~ 
is  the t e m p e r a t u r e  of tube su r face ,  ~ 
is the mean  t e m p e r a t u r e  along tube sur face ,  ~ 
is the speci f ic  heat flux through heat t r a n s f e r  sur face  pe r  unit length of tube, k c a l / m  3 �9 h; 
is the volume,  m3; 
a re  the in ternal  and ex te rna l  radi i  and in ternal  d i a m e t e r  of tube; 
~s the length of the tube between co l l ec to r s ,  m; 
is  the length of unheated tube at inlet, m; 
ts the length of e conomize r  section,  m; 
ts the length of tube f r o m  s ta r t ,  m; 
is the heat t r a n s f e r  sur face ,  m2; 
~s the s tep in spat ia l  coordinate ,  m; 
is  the t ime  step, sec;  
is the t ime,  see; 
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AP c 
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F i r  

AF 1 
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AFac  
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is the velocity,  m / s e e ;  
is the veloci ty  at inlet, m / s e e ;  
is the deviation of veloci ty at inlet f rom initial value, m / s e e ;  
is the mass  flow ra te ,  k g / m  2 . see;  
ts the mean  mass  flow ra te  in tube, k g / m  2 �9 see; 
~s the step factor ;  
~s the p re s su re ,  kg/cm2; 
Ls the angle between veloci ty  vec tor  of heat t r a n s f e r  agent and vec to r  of gravitat ional  a cce l e r a -  
tion, deg; 
is the Reynolds number;  
iS 
IS 
iS 
LS 
iS 
iS 

1S 
iS 

tS 
IS 
tS 

the Frud  number calculated f rom the velocity; 
the p r e s su re  drop between collector.s,  kg/m2;  
the equivalent p r e s s u r e  losses  in local r e s i s t ances  dis tr ibuted per  unit tube length, kg/m3; 
the fr ic t ional  p r e s su re  losses  per  unit tube length, kg/m3; 
the f r ic t ion  drag coefficient;  
the ra t io  of r es i s t ance  coeff ic ients  in rea l  and homogeneous two-phase flows; 
the coefficient  of local  res i s tance ;  
the total  p r e s su re  losses  in local res i s tance ,  kg/m2; 
the total  p r e s su re  losses  due to f r ic t ion,  kg/m2; 
the p r e s su re  loss due to spatial  outlet acce le ra t ion  in tube, kg/m2; 
the p r e s s u r e  loss  due to  acce le ra t ion  with t ime,  kg /m 2. 

S u b s c r i p t s  

T 

T! 

J 

M 

0 

water  on sa tura t ion  line; 
s team on sa tura t ion line; 
values of pa rame te r s  at outlet of j - th  element;  
mean  values of pa r ame te r s  on j - th  element;  
p a r a m e t e r s  r e f e r r e d  to tube metal;  
initial values 
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