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Characteristic features of polymerizing fluid flow in tubular reactor are the strong 
dependence of viscosity depth of transformation and temperature, and lowviscosity of the 
initial s~stance, viz, the monomer, which leads to turbulent flow at sufficiently large 
mass flows. Two-dimensional laminar flow of viscous chemically reacting fluids was numeri- 
cally and analytically studied in [i, 2] taking temperature dependence of viscosity into con- 
sideration, and in [3] the simultaneous dependence of viscosity on temperature as well as on 
the depth of transformation of the reagent was taken into account. In the present paper a 
numerical study is carried out on turbulent flow of reacting fluid in long pipes with strong 
dependence on the depth of transformation, temperature, and variable boundary conditions 
along the pipe length 

i. Consider stationary turbulent flow of chemically reacting Newtonian fluid in a long 
pipe with noncatalytic walls, at constant mass flow. Assume that the velocity profile at 
inlet is uniform, fluid inlet temperature is To, the pipe walls are maintained at constant 
temperature, equal to the inlet temperature or the wall temperature is a function of stream- 
wise coordinate. A binary mixture is assumed. 

~le system of equations describing the stationary turbulent flow of reacting fluid in 
a long pipe, expressed in nondimensional variables, has the form 
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Equations (I.i) have to be solved with the following boundary and initial conditions: 

Ou/On]r=o = O, v(~, O) = O, O0/Oqln=o = O, 0c/aqlr=0 = O, 
u(~, 1) = O, 0(~, 1) = ~(D, ac,,'aql.=~ = o, 
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Here x, r, U, and V are dimensional streamwise and transverse coordinates, and stream- 
wise and transverse velocity components respectively; re is the pipe radius$ p is the pres- 
sure~ p, Cpl are the density and specific heat of the monomer; T is the temperature, E, q 
are the activation energy and thermal effect of the chemical reaction; R is the universal 
gas constant; ko is the pre-exponential constant; ~, X, and D are dimensional coefficients 
of molecular viscosity, heat conductivity, and binary diffusion. The index M denotes non- 
dimensional molecular viscosity coefficient, T denotes nondimensional eddy viscosity and 
turbulent similarity parameters for Prandtl and Lewis numbers, Z is the effective viscosity 
coefficient, which, according to the hypothesis on total viscosity [4], is equal to the sum 
of molecular and eddy viscosities. 

The dependence of molecular viscosity coefficient was given by the equation obtained 
in [5] from experimental results on the flo~ of polymer solutions in monomer: 

= ~o exp {Ao(l - -  c~) + [Eo + A~(l - -  c~)]/(Rr)}, 

where Be, Ao, Eo, and AI are empirical coefficients determined from experiment or reference 
data. l~lecular viscosity coefficient was computed from equations given by Wilkes and Cheng 
[6] for binary mixtures (solutions), and the coefficient of molecular heat conductivity was 
assumed constant. 

As a concrete example, the polymerization of ethylene at high pressure in a tubular 
reactor was studied under turbulent flow conditions of the reagent. Effective thermokinetic 
reaction constants of polymerization of ethylene at high pressure, as given in [7] was used 
to compute nondimensional parameters that determine the heat release. Thermophysical and 
mechanical parameters of the medium were computed at polymerization temperature and a pres- 
sure of 200 ~a at which the reacting medium is homogeneous and the compressed ethylene has 
the properties of incompressible liquid droplet [8]. Experimental data from [7, 9, and i0] 
were used to compute these parameters. The coefficient of eddy viscosity was computed from 
equations based on "mixing length" theory [4] ~ich has the following form in the chosen 
nondimensional variables 

~T = ( t /Pr ) ( /e )  2lau/aq I. ( 1 . 3 )  

Some semiempirical turbulent models suggested in [11-14] for pipe flows were considered: 
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Here Eq. (i.4) corresponds to Prandtl--Nikuradze turbulent model [II], (1.5) corresponds to 
Van Driest model [12-14], and (1.6) represents Van Driest model in the form suggested in 
[14], and T w is the nondimensional shear stress at the wall. 

2. The boundary-value problem (I.i), (1.2) was solved on a computer using iterative- 
interpolation method (IIH) [15]. As a result of using I~i, an implicit six-point difference 
scheme is obtained with quasilinearization of sources by Newton's method. The method of fac- 
torization of momentum equations suggested in [16] was used to find the unknown pressure 
gradient. 

Laminar flow of inert and reacting fluids at zero eddy viscosity coefficients was com- 
puted in order to verify the program. Computations on inert fluid in the stable region of 
the flow gave skin friction coefficient and Nusselt number Nu differing by 2 and 1.5% 
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respectively from the known values for stable laminar flow, viz., ~ =64/Re [4] and Nu =3.65 
~17]. Velocity and temperature fields completely agreeing with results of [i] were obtained 
in the computation of reacting fluid flow, taking into consideration the dependence of viscos- 
ity on temperature 

Besides, in order to select the turbulence model, computation was carried out for iso- 
thermal, inert fluid flow within a wide range of Reynolds numbers. Computed velocity pro- 
files in the stable region were compared with Nikuradze's [4] experimental velocity profiles. 

~le best agreement was obtained by using Van Driest model in the form (1.6) when the 
deviation between experimental and computed profiles decreased with increase in Reynolds 
number. Thus, when Re =105 �9 103, the maximum difference between these profiles did not 
exceed 1% at the core of the flow for the model defined by Eqs. (1.6), whereas for other 
models the deviation was appreciably more (up to 10%). Consequently, the modified Van Driest 
model (1.3), (1.6) was used in subsequent computations. 

In the numerical investigation of polymerizing fluid, the flow region with constant 
wall temperature equal to the inlet temperature, i.e., ~(~) =0 in boundary conditions (1.2) 
was initially studied. The variation in temperature along the pipe axis with increasing 
distance from the pipe entrance is shown in Fig. I for various mass flows. Curves were 
obtained for a pipe radius ro =0.015 m with inlet temperature To =500~ (~ =26, x =0.284 x 
10 -14 , bl =0.044, b2 =0.35, Pr =1.56, Le =0.3 xl0 -2, ~ =0.031, Y =0.013). Curves 1-4 repre- 
sent mean section velocity of 0.25, 0.3, 0.5, 1.0 m/sec at Reo =37180, 44616, 74360, 148720. 
Continuous curves were obtained for W =20.04 which corresponds to viscosity of the final 
product, viz, the fusion of polyethylene (computed with cz =0), given ~(To, O) =5 x l0 ~ N" 
sec/m z. Dashed curve was obtained for W =18.43 (p(To, 0) =i0 ~ N-sec/m=). 

It is seen from computed results shown in Fig. 1 that for a given value of ~, different 
thermal conditions can be obtained depending on mass flow. At very small mass flow (curves 
i and 2) large heat release from intensive chemical reaction leads to progressive increase 
in reaction rate and a sharp increase in temperature at a distance from the entrance ~, (crit- 
ical pipe length). When the pipe length exceeds ~,, the process becomes explosive in 
nature. According to the terminology suggested in [2], such a flow condition is called self- 
ignition. 

With an increase in mass flow, the process just described extends along the pipe length 
as a result of convective heat transfer along the flow (~, increases) and with sufficiently 
large mass flow the fluid is only negligibly heated near the pipe entrance due to chemical 
heat release and further down-stream the temperature remains practically constant (curve 4). 
Thus, for a reasonable length of the pipe, a quasiisothermal flow condition is maintained. 
Chemical transformation in this case is small, the depth of transformation does not exceed 
a few percent over a large distance from the inlet. 

At the top right hand corner of Fig. 1 is shown the dependence of critical pipe length 
~, on the mean flow velocity for the same nondimensional parameters (W =20.04). It is seen 
that the dependence of ~, on mass flow is nonlinear. With an increase in mass flow, ~, 
increases very rapidly and at very large mass flows self-ignition does not occur even in a 
very long pipe. 
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It is seen from a comparison of the continuous and dashed curves in Fig. i that for a 
large viscosity of the end product E, decreases. -This can be explained by an increase in 
the role of mechanical heat sources with large viscosity of the reacting medium. It is 
worth mentioning that the role of mechanical source ~ BZ(~u/~q) 2 in the general energy balance 
even in laminar flow of a very viscous fluid is considerably weaker than the role of chemical 

source or the term --i ~_ (~z~1~l [i] and results in only an additional heat release. 
~-|l k U,I ] 

Since the governing system is nonlinear, small effects can lead to large changes in the 
nature of the flow and heat transfer and even, as shown in [i, 2], become the cause of hydro- 
dynamic ignition. 

It follows from computations that self-ignition condition in turbulent flow of polymeriz- 
ing fluid occurs with a transformation depth of about 20%. Here, as a result of an increase 
in the viscosity of the reacting medium, the velocity profile begins to deform and becomes 
less fully developed. 

~le variation in temperature boundary conditions along the pipe was studied for flow 
control. The case of linear drop in wall temperature at a certain distance from the inlet 
was considered, i.e., 

i O, ~ < ~, 

( D =  e ~ o _ ~ ,  

where ~2 -- ~ is the length of the cooled segment~ O z is the temperature at the end of the 
cooled segment. The beginning of the cooled segment ~ was chosen in the region of inflec- 
tion in the temperature curve in the self-ignition zone. 

Figure 2 shows the variation of temperature along the axis of the pipe and the corre- 
sponding change in wall temperature for the same values of the nondimensional parameters as 
in Fig. i, and a mass flow corresponding to the mean velocity of 0.25 m/sec (~ =7 x l03, / 
E2 =14 xlO 3, curves 1-4 correspond to @ z =--0.64, --0.96, --1.28, --1.6). The curve with- 
out a number was obtained at constant wall temperature 

It follows from an analysis of Fig. 2 that with an increase in the rate of cooling of 
the wall the critical pipe length increases (curves 1-3). Finally, for a certain cooling 
rate the heat transfer to the pipe wall exceeds the heat input from chemical reaction and 
the temperature of the reacting medium begins to fall rapidly (curve 4). In this case the 
self-ignition condition is not realized and the flow laminarization takes place. When the 
transformation depth is more than 20%, the initial turbulent flow becomes completely laminar 
as a result of a rapid increase in the viscosity of the reacting medium. 
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This conclusion follows from an analysis of Fig. 3* where flow velocity profiles are 
shown at different distances from the inlet (a) and profiles of the ratio of eddy viscosity 
to molecular viscosity are shown in (b) for laminarization conditions corresponding to curve 
4 of Fig. 2 (~ =i00, 4000, 7000, i0,000, 13,000, 14,000, curves 1-6 respectively). 

It is seen clearly that as the reacting mixture moves into the depth of the pipe, the 
velocity profile changes from fully developed turbulent flow near the inlet to a laminar pro- 
file at a distance ~ =14,000 from the inlet, similar to profiles obtained in [i]. Reynolds 
number for the laminar flow region, computed on the basis of mean velocity, is considerably 
less than the critical value and for the example shown in the figures it is 390. 

It is interesting to observe that in the turbulent region the concentration profile is 
practically homogeneous whereas in the fully laminar flow within a very narrow region close 
to the wall there is a sharp decrease in reagent concentration to a value differing from the 
core by 10% and more. A thin film of a substance more viscous than the fluid at the center 
of the pipe is formed near the wall. This is probably because the velocity decreases near 
the wall during the transition from turbulent to laminar flow but the transition time 
increases." As a result of this the depth of transformation also increases. 

As seen from Fig. 3b, the ratio of eddy viscosity to molecular viscosity which is much 
greater than unity in turbulent flow, rapidly decreases as the flow moves deeper into the 
pipe and becomes less than unity in the fully laminar region. 

~lus, a decrease in wall temperature in the case of high temperature polymerization in 
flow-through reactors can be used for process control by increasing the critical reactor 
length or through flow transition from turbulent to laminar flow without a rapid rise in the 
temperature of the reacting medium. 

It is mentioned in [18] that laminarization of inert fluids by variations in tempera- 
ture or mass flow was discovered a number of decades ago. The possibility of laminarization 
by chemical reaction has been obtained, apparently, for the first time. 

The variation in nondimensional skin friction coefficient (a) ~ =8PrT~/(4Q 2) and local 
Nusselt number (b) Nu= (200/O~]n=1)/(Ow--O ~ (O ~ is the temperature at the core of the flow, 
O w is the pipe wall temperature) with distance from pipe inlet is shown in Fig. 4. Curves 
1-4 were obtained for constant wall temperature and correspond to conditions of laminariza- 
tion of turbulent flow with drop in wall temperature and the values of the parameters corre- 
spond to the curve 4 of Fig. 3. 

In the quasiisothermal case (curve 4) the transformation depth is small and the flow 
resembles the inert fluid flow. A comparison of the skin friction coefficient for quasiiso- 
thermal condition at a large distance from pipe inlet, with the skin frictioncoefficient 
for a stable flow of an inert fluid using Nikuradze's equation [4] ~ =0.0032 +0.221/Re ~ 
shows that the difference does not exceed 2-3% (depending on the distance from the inlet) 
because of reactivity of the medium and certain change in viscosity during the reaction. 
For the same case, a comparison has been made for the local Nusselt number at a distance ~ = 
i00 (where the singularity is still practically absent) with the value of Nu computed from 
the formula recommended for fully developed turbulent flow in pipes and channels [17]: 

Nu = 0.02tR~'SPr~ 

where Pr w is Prandtl at wall temperature, e, =i when ~ >30. The error in this numerical 
experiment was 1%. 

In high temperature polymerization, friction coefficient initially increases gradually 
due to the increase in viscosity. In the rapidly increasing temperature zone the friction 
coefficient increases rapidly due to an increase in reaction rate and the formation of vis- 
cous polymer near the pipe wall. Transition to laminar flow begins in this zone of the pipe. 
With a reduction in wall temperature in the segment where the reaction rate increases and 
further chemical transformation leads to complete laminarization, the skin friction coeffi- 
cient (see Fig. 4a, curve 5) approaches a value determined by laminar skin friction coeffi- 
cient ~ =64/Re (the difference is nearly 20% and is explained by unstable flow situation). 
Local Nusselt number decreases rapidly as a result of a very large increase in viscosity, 
change in flow dynamics and the nature of heat transfer. The temperature profiles are 

*Curves 2, 5 in Fig. 3a and 6 in Fig. 3b are not shown to preserve the clarity of other 
curves. 
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shifted in such a manner that the temperature gradient increases slower than the difference 
in the wall and core temperature. With a reduction in wall temperature the nature of heat 
transfer is again changed (see Fig. 4b, curve 5) due to wall temperature effects, Nusselt 
number becomes many times lower than the value that is characteristic for the fully developed 
turbulent flow near the pipe inlet. In the laminar flow region Nu is almost five times 
greater than the value Nu =3.65 that is characteristic of stabilized laminar flow. Such a 
difference is also explained by thermally unstable nature of flow in this region. 

~lus, there could be a transition from turbulent to laminar flow under conditions of 
continuous reaction in flow-through polymerization reactor of great length. 
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