
M E A S U R E M E N T  O F  T H E  T U R B U L E N T  F L O W  S T R U C T U R E  

O F  S U B M E R G E D  J E T S  O F  P O L Y M E R  S O L U T I O N S  

Z.  P .  S h u l ' m a n ,  N. A .  P o k r y v a i l o ,  
N. D.  K o v a l e v s k a y a ,  a n d  V. V. K u l e b y a k i n  

UDC 532.522 

Measurements  a re  made of the average  and pulsation velocit ies,  the energy spectra ,  and the 
coefficients of turbulent diffusion during the flow of submerged jets of water and solutions of 
polyethylene oxide, Na--CMC, and guar  gum. 

Work conducted recent ly  on the study of the proper t ies  of the turbulent flow of weak polymer  solu- 
tions [1-2] has revealed important  drawbacks of the measur ing  devices which a re  general ly  used in New- 
tonian hydromechanics :  the the rmoanemomete r  and the Pitot tube. It is known that measurements  of tu r -  
bulent charac te r i s t i c s  a re  more  difficult in ordinary dropping liquids than in gases .  In therrnoanemomet-  
r ic measurements  the flow of po lymer  solutions can cause a reduction in sensit ivity and the appearance of 
anomalous signals not caused by turbulent pulsations and determined by the passage  of associat ions near  
the sensi t ive element of the pickup [4]~ Measurements  with a Pitot tube encounter difficulties connected 
with the impossibi l i ty of making measurements  with heads of small  d iameter  because of blockage of the 
inlets, which great ly  l imits the measurements  especially in the boundary region. At present  only two 
methods of measur ing  the average  and pulsation velocities a re  known which do not have the enumerated 
drawbacks:  l a se r  Doppler anemomet ry  [5, 7] and the s t roboscopic  method [3]. However, the f i rs t  method, 
which is probably the most promising for the future, is ~naccessible at present because of the complexity 
of the measurement of pulsation velocities. The second method, which is well recommended in the study 
of boundary turbulence in polymer solutions, does not yet permit the conducting of correlation and spec- 
tral measurements. Many of the drawbacks of thermoanemometry are removed to a considerable degree 
by the electrodiffusion method, although its application is limited by laboratory test beds where an elec- 
trolyte of special composition is used as the working liquid. The many years of experience in work with 
the Pitot tube in Newtonian liquids, the comprehensively studied properties of its application, - including 
measurements in turbulent streams of polymer solutions, and the success in creating miniature pressure 
transducers of high sensitivity and low inertia -- all this lay at the basis of the development of a device 
for measuring pulsation velocities of liquid media: a Pitot tube with a piezoceramie transducer [I0]. How- 
ever, the use of this instrument in the shear turbulent flow of polymer solutions which differ in visco- 
elasticity and in the presence of associations, requires caution and the careful selection of the dimensions 
of the pickup depending on the properties of the polymer solution. Wells [8] and Rodriguez [9] first used 
a Pitot tube with a piezoceramic transducer to measure the turbulent intensity and energy spectra in purely 
viscous liquids and polymer solutions. On the basis of an analysis of the equation of motion it was shown 
that the longitudinal component of the pulsation velocity is connected with the pulsations in total pressure 
by the equation 

---- t~--  ~,~z ' (I) 

obtained with d isregard for  the effect of normal stresses. The estimates made and experimental  measure= 
ments have showed [9] that in viscoelas t ic  liquids the readings of a p iezoceramic  pickup give somewhat 
understated resul ts  as the shear  velocity in the s t r eam increases .  
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Fig. 1. Variation in average  velocity (symbols on 
left) and turbulent intensity {symbols on right) along 
axis of water  jet:  1) f rom [5]; 2) [11]; 3) authors '  
data; 4) [12]. u ' / u  0 in %. 
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In the present  work a TsTS-19 p iezoceramic  made in the form of a cylinder 1.4 mm in diameter  and 
15 mm long was used as the sensing element in the measurements .  The piezopickup was placed in the r e -  
gion of the intake opening of the Pitot tube head. Depending on the conditions of application and the p roper -  
t ies of the polymer,  heads of different outer d iameters  could be used, with the help of which the average 
total p re s su res  were also measured.  The sensit ivity of the piezopickup was 50/~V/mm of water column. 
The measur ing system,  incorporat ing a cathode repea ter  with amplifier ,  an F-563 effective value volt- 
meter ,  and an FSP-80 spec t rum analyzer,  assured a sensit ivity threshold no worse than 0.2 mm of water 
column and the possibil i ty of frequency analysis in the range of 2-20,000 H z .  Moreover,  the signal f rom 
the pickup could be recorded  on the tape of an N-700 oscil lograph with subsequent conversion into a digital 
code in a semiautomatic  instrument and insert ion into a Minsk-22 electronic computer  for calculation of 
the autoeorrelat ion and spectra l  functions. The pulsation spec t rum of the longitudinal velocity component 
calculated in this way could be limited below only by the frequency charac te r i s t i cs  of the pickup (0.1 Hz). 
The measurements  were conducted in a submerged round jet escaping f rom a nozzle 5 mm in diameter  into 
a vessel  250 • 250 • 1000 mm 3 in s ize.  An unpumped instrument assured  the maintenance of a constant 
veIoeity which could be regulated in the range of 1-5 m / s e c .  

The results  of the measurement  of the average  velocity and the turbulent intensity of the longitudinal 
component of the pulsation velocity compared with the data of other authors [5, 11, 12] are  presented in 
Fig. 1. Observing the good agreement  of the data, it should be noted that it is hard to expect absolute co- 
incidence of the measured  resul ts  of different authors.  This is determined not so much by the use of dif- 
ferent means of measurement  as by the relat ively strong dependence of the variat ion in average velocity 
and turbulent intensity on the past  h is tory  of the flow of the liquid: the shape of the exit opening, the initial 
level of turbulence, the i r regu la r i ty  of the velocity profi le at the exit f rom the nozzle, etc. 

Normalized energy spect ra  of the longitudinal component of the pulsation velocity at different points 
on the axis of the jet ( x / D = 2 ,  10, 20, 30, 54) a re  plotted in Fig. 2. The data of [13] at x/D = 30 and of 
[14] at x/D = 50 are  presented in the same figure for comparison.  The form of the spec t ra  presented co r -  
responds to the presence  of three regions of the mixing zone of the jet (according to the sys tem of G. N. 
Abramovich [19]): a laminar -wave  region; a region of regular  vortex formation with vortex dimensions 
comparable with the thickness of the mixing zone and increasing in the direct ion of flow; a region with an 
established turbulent mode of flow. The form of the spect ra  for c ross  sections close to the nozzle has a 
c lear ly  expressed "resonance" nature and indicates the p resence  of regular  vortex formation with a f r e -  
quency which depends on the velocity and nozzle d iameter :  f = Sh(ud/D), where Sh ~ 0.6. This is well 
seen in Fig. 4b. At a large enough distance from the nozzle the spec t rum takes on a form corresponding 
to the nature of developed turbulent flow; in par t icular ,  one can isolate a considerable band of frequencies 
(the "inertial range") where the - -5 /3  rule is satisfied. The difference in Re numbers compared with the 
data of [13, 14] resul ts  in only part ial ly overlapping ranges of wave numbers ,  and the shift in the spect ra  
is a natural resul t  of satisfying the normalizat ion condition 

~ F l , n ( k )  dk -- 1. (2) 
(k) 
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Fig.  2. One -d i m e ns i ona l  n o r m a l i z e d  e n e r g y  s p e c t r a  of longitudinal  c o m -  
ponent  of  pu lsa t ion  ve loc i ty  at axis  of wa te r  (air) je t :  1) x 0 = 2; 2) 10; 3) 
20; 4) 30; 5) 54; 6) f r o m  [t3];  7) [14]. k, cm -1. 

Fig .  3. Var ia t ion  in a v e r a g e  ve loc i ty  ( symbols  on left) and tu rbu len t  in ten-  
s i ty  ( symbols  on right)  at  axis  of je t  (Re = 1.5 �9 104). W a t e r  and solut ion o f  
po lye thy lene  oxide:  1) PEO,  C = 0.007%; 2) PEO, C = 0.003%; 3) wa te r ;  
4) PEO,  C = 0.003% (degraded solut ion) .  
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M o r e o v e r ,  in the t r a n s i t i o n  f r o m  the f r e q u e n c y  f to the wave  n u m b e r  k the T a y l o r  hypo thes i s  was used in 
the c l a s s i c a l  f o r m  k = 27rf/fi. However ,  it m u s t  be c o n s i d e r e d  that  in the p r e s e n c e  of l a r g e  v o r t e x  s t r u c -  
t u r e s ,  as  was shown in [t5], the t r a n s p o r t  ve loc i ty  u l of the l a rge  v o r t i c e s  is r e l a t ed  to  the ex te rna l  ve lo -  
c i ty  u 0 by the  equat ion 

~ = 0.8,7.. (3) 
The  longi tudinal  s c a l e s  w e r e  a l so  d e t e r m i n e d  us ing the T a y l o r  hypo thes i s  of f r o z e n - i n  t u rbu lence  

L.~ - T~tT,,,, (4) 

~, = ~,,,, (5)  

where  the Eu le r i an  t ime  s c a l e s  can be found f r o m  the a u t o c o r r e l a t i o n  funct ion ca lcu la ted  f r o m  the r e a l i z a -  
t ion of  the p r o c e s s :  

T t : :  ( R (+) dT, (6) 

! s - -  R (+) 
- t i m  (7) 

T/ z -> 0 T 2 

or  d e t e r m i n e d  f r o m  the  m e a s u r e d  ene rgy  s p e c t r u m  of the pulsa t ion  of the longitudinal  ve loc i ty  componen t  

L x = lira F (k), (8) 
2 k + 0  

)~x= ( 2 ) 1 / 2 " ~  (k) (9) 

)~x= ( 
" F k+-dk 

0 

The  r e su l t s  of the m e a s u r e m e n t  of the  longitudinal  m i c r o s e a l e s  in the  axial  c r o s s  sec t ions  x /D = 36, 42, 
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Fig. 4. Energy spec t ra  of longitudinal component of pulsation velo- 
city at axis of jet. For a: 1) water,  x 0 = 10; 2) PEO, C = 0.007%, 
x0 =10 ;  3) PEO, C =0.007%, x 0=20 ;  4) water,  x 0=30 ;  5) PEO, 
C=0.007%,  x D=30; f o r b : 6 )  water,  d = 5 m m ,  u 0= 3.15 m / s e c ;  7) 
5 and 3.15; 8) 3 and 4.43; 9) 3 and 3.13; 10) 8 and 2.85 m / s e c .  
El(f), cm2-sec-1;  f, Hz. 

and 48 showed that they are  almost  constant (~g ~ 0.11 cm, Xg/D ~ 0.22). This agrees  well with Gold- 
schmidt ' s  measurements  [13] (Xg/D ~ 0.22) made under s imi lar  conditions and also confirms that the 
scale  of dissipation remains  constant into the fully developed region of the jet. The measured  macro -  
scales  at the axis in the sections x/D = 36 and 48 were 1.79 and 1.9 cm, respect ively.  

In moving on to an analysis  of the flow s t ruc ture  of a submerged jet of polymer  solutions we must  
dwell on some peculiari t ies  of the preparat ion of these solutions. It is known that water  solutions of poly- 
ethylene oxide of low concentrat ion have the capacity to change their  proper t ies  especially rapidly under 
the effect of shear  flow and with age. In o rder  to exclude as much as possible the effect of s t ructura l  
change in the solution the t ime f rom the moment of dissolving to the moment of testing was kept constant 
at 110 h. The solution was prepared  as follows: a concentration of polyethylene oxide 15 t imes higher 
than that at which the experiments were conducted was f i rs t  prepared  and aged for 4.5 days; the solution 
was reduced to the final concentration immediately before the test .  The inelastic solutions of guar  gum 
and the sodium salt of carboxylmethyl cellulose underwent aging to a much lower degree.  The concen- 
t ra ted  solutions of these polymers  were aged for about 2.5 days. In the measurements  the outer d iameter  
of the Pitot tube head was selected in such a way that no anomalies appeared in the readings of the Pitot 
tube in the potential core  of the submerged jet.  The head diameter  selected in this way was 1.6 mm in all 
the experiments including those in pure water.  Because of the low content by weight of the polymers  the 
viscosi ty of the solutions studied is pract ical ly  independent of the shear  velocity [16] and does not exceed 
1.2 cS at 20~ The tempera tu re  of the solution in the experiments lay in the range of 19 �9 1~ 

The results  of the measurement  of average  velocity and turbulent intensity for two concentrations of 
polyethylene oxide (WRS-301) in compar ison with the analogous data for water a re  presented in Fig. 3. 
The curve of variat ion in average  velocity along the axis of the submerged jet confirms the fact established 
ear l ier  concerning an increase  in the range of a jet of a polyethylene oxide polymer  solution which is in the 
elastic stage.  The measurements  also made of the average  velocity in c ross  sections of the jet confirm 
the dec rease  in the t r ansve r se  dimension and the increase  in range. Such a tendency is retained up to x/D 
= 16. In fa r ther  c ross  sections some decrease  is observed in the average  velocity compared with the flow 
of a pure water  jet. The curves of variat ion in the intensity of the pulsations in the longitudinal velocity 
component along the axis of the jet which a re  presented in Fig. 3 do not correspond,  as appears  at f i rs t  
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Fig.  5. Var ia t ion  in ave r age  
ve loc i ty  (symbols  on left) and 
turbulen t  in tens i ty  (symbols  on 
right)  at  axis  of je t  (Re = 1.5 
~ 104). Wa te r  and solut ions  of 
guar  gum and Na--CMC: 1) GG, 
C = 0.03%; 2) Na--CMC, C 
= 0.04%; 3) wa te r .  

g lance ,  to a m a r k e d  i n c r e a s e  in the range .  Actual ly ,  the i n c r e a s e  
in ave r a ge  ve loc i ty  can be explained by a d e c r e a s e  in turbulent  dif-  
fusion,  i . e . ,  by a d e c r e a s e  in the leve l  of the ve loc i ty  pu l sa t ions .  
However ,  a c ons i de r a b l e  i n c r e a s e  in the in tens i ty  of the longitudinal  
component of the pulsa t ion  ve loc i ty  in a polye thylene  oxide je t  which 
is in the e l a s t i c  s t a t e  was e s t ab l i shed  in numerous  s e r i e s  o f  t e s t s .  

What m o r e  or  l e s s  l ike ly  r e a s o n s  could explain such an in-  
Crease  in the read ings  of a Pi to t  tube with a p i e z o c e r a m i c  t r a n s -  
duce r  ? 

1. Pu lsa t ions  of the no rma l  s t r e s s e s  in a s h e a r  s t r e a m  of 
v i s c o e l a s t i c  l iquid.  However,  t h e o r e t i c a l  e s t ima te s  and e xp e r imen-  
ta l  m e a s u r e m e n t s  for  the turbulent  flow of a solut ion of v i s c o e l a s t i c  
l iquid (polyisobutylene) in a tube showed that in this  case  a p iezo-  
pickup gives somewhat understated pulsation intensities [9]. More- 
over, measurements which we conducted in a submerged jet of poly- 
ethylene oxide using an electrodiffusion pickup not sensitive to 
pressure also showed an increase in the intensity of the longitudinal 
component of the pulsation velocity. 

2. The effect of associations recorded by the sensing element 

of the Pitot tube. But, first, the outer diameter of the Pitot tube 
head was chosen from conditions of the absence of blockage of the 

intake opening. Second, such an effect of individual associations, as was shown in thermoanemometric 
measurements [4], should be accompanied by broadening of the spectrum, which did not occur in the pres- 
ent case. An experiment was also conducted on the measurement of the intensity of temperature pulsa- 
tions during discharge from a nozzle of a preliminarily heated weak solution of po~yoxyethylene which was 
in an elastic stage. The experiments showed that with the same temperature drops in the discharging jet 
and the chamber the temperature pulsations in water were considerably lower than in the polymer solution. 
The increase manifested in the intensity of the pulsations in the longitudinal velocity component is appar- 
ently explained by the instability of the viscoelastic solution [6]. It can be assumed that the velocity pul- 
sations take on an essentially anisotropic structure. The intensity of the longitudinal component of the 

Fig.  6. Visual iza t ion  of flow: 
of polye thylene  oxide solution,  
solut ion,  C = 0;04%. 

a ,b)  j e t  of pu re  water ;  c ,d)  je t  
C = 0.007%; e, f) je t  of Na--CMC 

147 9 



TABLE 1 

Liquid 1. ,-", Dr, cmZ/scc 

Na-CMC(I~ ~3,1x 0 ~ 6,3o~ (x0~=4) ~ 1,03 

PEO (0.2%) ~4,2x. ~2,60/(, (x o -:5) ~0,17 

Water ~ 3,6x o ~ 3,5o(~ (x o=.4) ~ O, 77 

pulsation velocity increases  while the intensity of the t r ansve r se  component probably decreases ,  which is 
accompanied by a general  reduction in turbulent diffusion and an increase  in the range of the jet. 

It must be observed that such "longitudinal" instability, not accompanied by an increase  in res is tance ,  
was probably the reason for the appearance of considerable pulsations in the shearing s t r ess  of fr ict ion at 
the wall of a disk rotating in an elastic solution of polyethylene oxide [17]. 

The energy spec t ra  of the pulsations in the longitudinal velocity component presented in Fig. 4a 
show that the increase  in the pulsation energy in a solution of polyethylene oxide is connected with the con- 
s iderable  redistr ibution of the pulsation energy by frequency:  an increase  in the contribution of the low- 
frequency components and a decrease  in that of the high-frequency components of the spect rum.  The shape 
of the spect rum with c lear ly  expressed maxima indicates that along with the suppression of the energy-con-  
taining f ine-scale  motion the p resence  of the polymer  promotes  p rocesses  of regular izat ion and s t rength-  
ening of the longitudinal components of l a rge - sca l e  vortex s t ruc tures ,  p rocesses  which a re  accompanied 
by intermittence,  reduction in the intensity of t r ansve r se  pulsations, and an increase  in the range as a r e -  
sult. In measurements  of the pulsation and average velocities in a jet of polyethylene oxide solution which 
was not in the elastic phase (the solution was passed through a centrifugal pump for 15 min) a decrease  in 
the range and an increase  in the turbulent intensity compared with water were noted, as in [18]. These 
data a re  presented in Fig. 3. With fur ther  degradation of the solution the average velocity and turbulent 
intensity approach the analogous charac te r i s t i cs  of water.  

Inelast ic solutions of guar  gum (GG) and the sodium salt of carboxylmethyl  cellulose a re  interest ing 
by analogy with the degraded solution of polyethylene oxide. In the present  work experiments were con- 
ducted on GG and Na--CMC solutions with concentrations of 0.015 and 0.03 and of 0.02, 0.04, and 0.05%, 
respect ively .  The resul ts  of measurements  of the average velocity and turbulent intensity of these polymer  
solutions are  presented in Fig. 5. The effects  of the two polymers  on the turbulence charac te r i s t i cs  coin- 
cide qualitatively and, as mentioned above, a re  analogous to the behavior of a solution of polyethylene 
oxide degraded by passage  through a centrifugal pump for 15 min; the behavior of the solution of the sodium 
salt of carboxylmethyl cellulose agrees  well with the resul ts  of [5] obtained with a laser  measur ing ins t ru-  
ment.  The difference in the charac te r i s t i cs  of the development of jets of water,  an 0~ solution of 
polyethylene oxide, and an 0,04% solution of Na--CMC are  seen from Fig. 6a, c, e. F rames  of fi lms made 
with an SKS-1M high-speed motion picture camera  a re  presented there .  The visualization was accomplished 
through the supply of India ink to the input tube. It is easy to note the essential  proper t ies  of the polyethy- 
lene oxide jet: the wave-like form up to x/D ~ 16 and the slight increase  in the thickness of the jet. Since 
the intensity of the increase  in thickness of the jet along its length dS/dx is proport ional  to the t r ansve r se  
pulsation velocity [20] 

d6 [(v')2] '/2 
- , (I0) 

dx u 

one can make a comparat ive  est imate of the intensity of the t r ansve r se  pulsation velocity. This estimate,  
made from the resul ts  of an analysis of film f rames ,  gives a dec rease  in the intensity of the t r ansve r se  
pulsation velocity in the initial sections of a jet of polyethylene oxide of about two t imes compared with 
water.  For  a jet of Na--CMC the opposite tendency is observed,  the same increase  in the intensity. An 
attempt was also made to determine some charac ter i s t ics  of the turbulent t ranspor t  by the method of dif- 
fusion of a t ranspor table  substance [15, 22]. For  this purpose  a thin tube, f rom which dye was supplied, 
was mounted in front of the nozzle.  A fine s t r eam of dye (India ink) flowed out along the axis of the jet 
and its thickness remained prac t ica l ly  constant over the entire length l 0 of the initial section of the sub- 
merged jet (see Fig. 6b, d,f) .  The filming made it possible to follow the increase  in thickness in the sec -  
tion x > l 0. 
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The value of the d ispers ion was determined on the assumption of a Gaussian distr ibution of the dye 
concentration, and then the intensity of the t r a n s v e r s e  component of the pulsation velocity and the coeffi- 
cient of turbulent diffusion [15] were determined.  In these experiments the discharging water jet was with- 
out po lymer  additions. The po lymer  solution could be supplied together  with the s t r eam of dye, i . e . ,  a 
sys t em of injection of the polymer  into the water  jet was achieved. The rat io of flow rates  of the polymer  
solution and the main jet was 0.045. As seen f rom Fig. 6d, f rom the nature of the spreading of the colored 
s t r eam of polyethylene oxide (up to x 0 ~- 16) one can judge that there  is considerable  suppress ion of the 
turbulent diffusion of the dye and that in termit tence develops.  The injection of a solution of Na--CMC 
leads to more  intense mixing compared  with water .  The resul ts  of the measurements ,  which additionally 
confi rm the marked differences in the charac te r i s t i cs  of t ranspor t  in the flow of submerged jets of water 
and po lymer  solutions, a re  presented in Table 1. 

D 
x o = x/D; 
U 

Ud 
U m 
~ , =  [(u,)211/2 

[(p~)211/2 
Re = u0d/~ 
f 
k 
Et(f), Fl(k) = ~/2~)El(f) 

F1,n0~) = F1 (k)/~ '2 
l0 
ff  

5 

Dt 

N O T A T I O N  

is the d iameter  of exit nozzle; 

is the average  velocity; 
is the velocity of d ischarge  f rom nozzle; 
is the average  velocity at axis of jet; 
is the r o o t - m e a n - s q u a r e  value of longitudinal component of pulsa-  
tion velocity; 
is the r o o t - m e a n - s q u a r e  value of pulsation in total p re s su re ;  

is the Reynolds number; 
is the frequency, Hz; 
is the wave number,  cm-1; 
a re  the one-dimensional  energy spec t rum of longitudinal component 
of pulsation velocity, cm 2 �9 sec-1; cm 3 . sec-2; 
is the one-dimensional  normal ized  spect rum;  
is the length of undisturbed zone of flow; 
is the dispersion;  
is the thickness of jet; 
is the coefficient of turbulent diffusion. 
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