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Abstract: Investigated regularities and manifestations of the elastic deformations of the polymer flow under conditions are 

close to that of the real flows of the fire hoses at oilfield territories. The data obtained in this study shows that it is necessary to 

consider the possible effects of the elastic deformations when solving the problem of drag reduction of the fire suppressing 

liquid in the pipeline at oilfield territories by injecting the polymer solutions in the boundary layer and for the development of 

the optimum system of the introduction. The decreased effect in diminution of resistance to liquid flow when feeding polymer 

solution into boundary layer of a fire-hose is the result of combining deformation effect of longitudinal hydrodynamic field 

available in a feeding system and molecular-concentration properties of polymer solution. There have been outlined ways of 

increasing the effectiveness of systems for feeding polymer solutions into fire-hoses, and hence, fire-fighting systems with 

water, which increase the fire protection degree at oilfield territories and decreases the environment pollution with combustion 

products and heat.  
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1. Introduction 

A fire (fires) is a major ecological factor that at certain 

conditions leads to the strongest contamination of 

environment. An increase of work efficiency of the fire 

extinguishing systems is one of important engineer-

technological measures that allows to decrease the influence 

of the combustion products on a biosphere and to increase 

level of safety on oilfield territories. Reduction of 

hydrodynamic resistance of fire hoses and pipelines allows to 

improve the efficiency of water-based fire-suppression 

systems which are the most widespread and feasible methods 

of the fire-fighting on the oilfield territories. 

Among the well-known methods of the decrease in the 

hydrodynamic drag resistance through the artificial 

modification of the boundary layer of the fire hoses, the 

method of the introduction of the polymer solutions is almost 

unique, and certain practical results have been achieved in its 

development. The study has shown that the introduction of 

small amounts of polyethylene oxide (PEO) and 

polyacrylamide (PAA) into the fire-suppression liquids 

(water and water solutions of surfactants) make it possible to 

significantly (down to 75%) reduce the hydrodynamic drag 

resistance. This reduction (when other parameters of the 

hydraulic system are unchanged) ensures that the capacity of 

the fire-fighting systems is 1.5-2 times higher, or the length 

of the fire hoses may be 3-5 times higher, or the pump power 

consumption may be decreased by 60-70%, or the diameter 

of the fire-suppression pipes may be decreased by 15-20%. 

Besides, it has been shown that the additions of the polymers 

to water or surfactant solutions considerably improve their 

fire-suppression properties [1, 2]. 

This study relates to the hydrodynamics of the polymer 

solutions in the pipelines and problem of the improvement of 

the introduction devices. The hydrodynamics of polymer 

solutions at the polymer introduction into the boundary layer 

of the fire hoses has not been examined properly. 

It is assumed that in case of the flow of polymer solutions 

through the slots and other elements of the introduction 

systems, essential "anomalies", which could considerably 

affect the Toms effect, cannot be observed. Such a conclusion 

is based on the analysis of the data obtained from the study of 

the shear laminar flows where the effects of elastic 
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deformations are insignificant. In the introduction systems a 

complex flow is dominant and it consists of superposition of 

the shear and predominantly longitudinal (with stretching) 

flow. In case of such complex flows, the effects of elastic 

deformations become so significant that it may result in 

lessening the potential effect of the polymer additives, 

especially at high velocities of the flow of the fire-

suppressing liquids. 

2. Materrals and Methods 

Water solutions of polyethylene oxide with the molecular 

masses 62 10⋅ and 64 10⋅  were investigated. The mass 

fraction of polymer was varied from 0 to 0.3%, temperature 

during experiments - 25°С.  

Solutions of fully dissolved polymer were prepared in dark 

vessel by dissolving the ethanol-polymer suspension in 

distilled water at room temperature during 2-3 days or by 

dilution of the previously prepared solutions of polymer 

(0.1%, 0.2% and 0.5%) during 7-8 days before the desired 

concentration. Since water solutions of PEО significantly 

change properties at the upon prolonged storage, 

conformities to law of their aging process in water were 

preliminary studied and stabilizers to exclude it were chosen. 

The addition of 0.05% by mass potassium iodide solution in 

the PEO and PAA, which almost completely eliminates the 

aging of these polymers in water during storage and does not 

affect on the hydrodynamic activity, are used as such 

stabilizer. [1, 3, 4]. 

We used a special hydrodynamic bench that allows 

achieving the exhaust velocities of the water flow through its 

channel of up to 35 m/s; the channel’s length was 8.5 m [7]. 

Orifices for measuring the pressure and for the sensors of 

friction force were placed on the lower wall of the channel. 

The injection system consisted of a dosing unit, underslot 

chamber ensuring different conditions of the deformation of 

the polymer solution (by changing the entrance angle) at the 

entrance to the slot. The angle between the injected polymer 

stream and the wall did not vary. The following 

characteristics have been variable: the angle of the opening 

of the slot β (the angle of the entrance to the slot), 

concentration of the injected polymer solution, velocity of 

the injection, molecular mass, polymer brand, and velocity of 

the fire suppressing liquid (water). 

3. Results and Their Discussion 

This paper regularities and manifestations of the elastic 

deformations of the polymer flow are investigated under 

conditions close to that of the real flows of the fire hoses at 

oilfield territories. 

The experiments described below were conducted in order 

to establish the conformities to law of manifestation of elastic 

deformations in the flow of polymer solutions under 

conditions typical for the internal problem in relation to the 

fire hoses and pipelines. 

In Figure 1, the experimental data related to the flow of 

polyethylene oxide (PEO) water solutions through the 

underslot camera are shown. It is clear that the phenomena, 

unusual for purely viscous mediums, are inherent for such 

flows. At a certain critical (threshold) average exhaust 

velocity u , the relative pressure differential increases 

sharply, and it is sharper at the higher polymer 

concentrations. The characteristics of the dependence 

( )f uξ′ =  indicate the high dissipation of energy in the 

polymer solutions flow through the injector, i.e. the increased 

hydrodynamic drag resistance is observed at the supercritical 

flow rates. 

 

Mol. mass: 4⋅106, CPEO=0.1%; :β  1 – 9°, 2 – 13°, 3 – 22°, 4 – 34° 

Figure 1. Influence of u  and angle of entrance into a slot on the relative 

pressure differential. 

The presented experimental data corresponds to the results 

obtained from the study of the flow of the polymer solutions 

under the simulated conditions such as through short 

capillary tubes and slots. These flows were thoroughly 

investigated in papers [1, 3, 4, 7]. There should be stressed 

the most important moments of the elastic stress effects in the 

polymer solution flows with stretching. Transition to a flow 

mode with increased energy dissipation is accompanied by 

formation of so called “inlet flooded jet” as a "cord" or 

"fillet" enclosed by secondary flows in the shape of ring-

shaped vortex. In case of the supercritical flow mode for 

polymer concentrations ranged from very diluted to 

moderately concentrated, the hydrodynamic field causes 

rather strong deformation effects on molecular chains. The 

uncoiled part of a polymer chain may be as large as 60%. In 

half-diluted and moderately concentrated polymer solutions, 

the relaxation times of the fully stretched and slightly 

deformed individual chains differ more than by 2 orders of 

magnitude. 

The reason for such a large time for the curling of the 

polymer chain is supermolecular structures formed in the 

hydrodynamic field. This is reflected in the decrease of 

turbulent friction if the lifetime of supermolecular formations 

in the polymer solution at the moment of its introduction to 

the boundary layer is comparable to the residence time in the 
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fire hose at oilfield territories. 

The results of the polymer solution injection onto the 

lower wall of the channel through the underslot chambers 

with varying angles of the entrance to the slot shows (Figure 

2), that when the polymer solution is introduced onto the 

inner surface of the fire hose at low angles of the entrance to 

the slot, the drop in the tangent stresses of friction is 

exhibited practically right behind the point of the 

introduction of the polymer to the flow.  

 

Mol. mass: 2⋅106, CPEO=0.3%, V0=16.5 m/s, Q=50 sm3/s; β: 1-7.8°, 2-165° 

Figure 2. Influence of the angle of the entrance to the slot on the distribution 

of the decrease in the tangent stresses along the lower wall of the channel 

for the injections of PEO solutions. 

If the polymer solution is introduced into the boundary 

layer through the chamber with a large angle of the entrance, 

there is a delay in development of hydrodynamic activity of 

the polymer molecules.  

It should be mentioned that the distribution of the tangent 

stresses and relative pressure losses along the channel 

correlate with each other. As it follows from the results 

shown in Figure 2, the change of the mode of the polymer 

introduction through the under slot camera from weakly 

dissipative to strongly dissipative by modification of the 

entrance conditions results in double decrease in the drag 

resistance coefficient. 

 

Figure 3. Plot of the general pressure losses along the channel versus the 

specific concentration of PEO. 

Mol. mass: 2⋅106, Vo: � =16.5 m/s, � =25 m/s; β=7.8°(1, 2, 3), β=165°(4, 5, 

6); CPEO: 1and 4 - 0.05%, 2 and 5 - 0.1%, 3 and 6 – 0.3% 

There has been (Figure 3) registered a considerably larger 

divergence in the plots of the drop of the resistance versus 

the changing concentrations of the polymer in case of the 

introduction of the polymer onto the inner surface of the fire 

hose under conditions of strong deformation effect of the 

hydrodynamic field on the injected solution, compared to the 

weak gradient effect. 

Specific concentration was used to plot a chart (Figure 3) 

0/PEOQ C Vγ = ⋅ Ω⋅ ,                      (1) 

where Q –volume flow rate of the injected liquid, 

CPEO – concentration of the injected polymer solution 

(kg/m
3
), 

Ω  – moistened surface,  

V0 – velocity of the filling flow. 

The visualization of the flows of the polymer solution in 

the underslot chamber shows that the conditions of the 

entrance render influence on the drop of hydrodynamic 

resistance only when there is a loss of stability of the flow 

caused, as was shown earlier in [4, 7, 8], by the formation of 

the dynamic supermolecular structures which sharply 

increase the dissipativeness of the flow. The reduction of 

efficiency of the polymeric solution due to the deformation 

effects in the introduction system may be as large as 25% or 

higher at V0>15 m/s. The increase in the rate of the water 

flow results in the expansion of the area with the reduced 

hydrodynamic activity of the polymer.  

The significance of the area with the reduced 

hydrodynamic activity of the polymer introduced into the 

boundary layer is the more, the less is the length of the fire 

hose. It may be explained by the fact that the lifetime of the 

derivative structures under conditions of the flow with 

stretching is in the order of magnitude of 0.1-0.2 s or higher 

[1, 7-9]. This is the time during which the polymer after 

leaving the slot in the fire hose has reduced activity due to its 

memory. Obviously, the higher is the velocity of the water 

flow, the larger is the area behind the slot filled with the 

polymer solution under this condition, and its size is defined 

as:  

lλ=θsw⋅Vо,                                 (2) 

where θsw - time of structural relaxation of the 

supermolecular formations, 

V0 – velocity of the filling flow. 

Hence, for the velocity of the water flow of 25 m/s, this 

area should extend downwards along the stream to 2.5 m, if 

θsw = 0.1 s. The estimated size of the area with the reduced 

hydrodynamic activity of the polymer is in good correlation 

with the experimentally obtained results. 

The results of the experiments with the introduction of the 

polymer solutions of the various concentration through the 

underslot camera with the changing angle of the entrance 

(Figure 3) show that for the given specific average 

concentration of the polymer in the boundary layer the 

efficiency of the reduction of drag resistance is decreased 

with the growth of the concentration of the injected polymer 
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solution, and it is the stronger, if the angle of the entrance is 

higher. In [10], it was outlined a hypothesis that viscoelastic 

effects (swelling of the jet) near the slot strengthen the pull of 

the polymer solution by the external boundary layer and 

result in a faster decrease in the concentration of the polymer 

on the inner surface of the pipeline. The results obtained in 

[11, 12] make us reconsider this hypothesis because the 

visualization of the flow behind the slot [12] and the actual 

concentration of the polymer in the boundary layer have not 

evidenced to the increased diffusion of the polymer. Most 

feasible is the explanation based on the impact of the 

effective viscosity (taken in its broad sense) that does not 

contradict to the results of the studies on the hydrodynamic 

activity of the polymers under conditions of the introduction 

of the polymer solution to the fire suppression pipeline. The 

dynamic structures of the polymer formed in the 

hydrodynamic field cause its compression [4, 8], and this, of 

course, should cause a decrease in the diffusion of the 

polymer in the boundary layer. 

The detected regularities of the manifestation of elastic 

deformations at the introduction of the polymer solution to 

the fire-suppression pipeline allow suggesting a method for 

evaluation of the flow resistance of the fire suppressant liquid 

with the polymer additives in it. The flow resistance of the 

liquid in the pipeline at the introduction of the polymer 

solution to the boundary layer caused by the elastic 

deformations can be determined as:  

0

( ) ( ) ,

p

wo wcX x dx x dx

λλ

λ

χ τ χ τ
−

= +∫ ∫
ℓ ℓℓ

ℓ

     (3) 

where χ is the perimeter of the pipeline cross-section,  

τw1 and τwo - tangential stresses with the introduction of the 

polymer to the boundary layer and without it,  

L - length of the pipeline, 

lλ - length with the reduced hydrodynamic activity of the 

polymer. 

The data obtained in this study shows that in solving the 

problems of drag reducing of the fire suppressing liquid in 

the fire hoses and pipeline by injecting the polymer solutions 

in the boundary layer, for the development of the optimum 

system of the introduction, it is necessary to take into account 

possible effects of the elastic deformations. The decrease in 

the effect of drag reduction at the introduction of the polymer 

solution into the boundary layer of the fire hose is due to the 

combination of the deformational effects of the longitudinal 

hydrodynamic field developed in the system of the injection 

and molecular-concentration characteristics of the polymeric 

solution. 

4. Conclusions 

Thus it is possible to improve the effective systems of the 

polymer introduction into the fire hoses and therefore 

operation of the fire suppression systems at oilfield 

territories. using water. 

This paper demonstrates the ways to improve the 

efficiency of the systems of input of polymers in fire hoses 

and pipelines, and to improve the efficiency of fire-fighting 

systems by water and solutions of surfactants that will help to 

reduce pollution by combustion products and, obviously, 

improve the safety of working conditions on oilfield 

territories.  

Notation 

γ , specific concentration, kg/m
3
; PEOС , concentration of 

the injected polymer solution, %, kg/m
3
; Q, volume flow rate 

of the injected liquid, m
3
 /s; u , average exhaust velocity, 

m/s; V0, velocity of the filling flow, m/s; Ω , moistened 

surface, m
2
; χ, the perimeter of the pipeline cross-section, m; 

τw1 and τwo, tangential stresses, N/m
2
; l, length of the 

pipeline, m; lλ, lenght with the reduced hydrodynamic 

activity of the polymer, m; θsw, time of structural relaxation 

of the supermolecular formations, s; M, molecular mass of 

the polymer, a.m.u.; β , angle of entrance into a slot, grade; 

ξ ,  the relative pressure differential. 
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