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I. INTRODUCTION 
 
Despite the quite wide application of drag reducing 
agents (DRA) in pipeline transport of raw 
hydrocarbons, the introduction of practical 
implementation of Toms effect in fuel supply systems 
of various means of transport failed to be applied. This 
is because of some features of a current of the diluted 
polymeric solutions. The usage of polymer DRA in the 
technical devices with relatively long hydraulic path 
and flow patterns with a high Reynolds criterion is 
more preferred. In this context, liquid rocket engines 
(LRE) are the most suitable for applying polymer 
DRA in their fuel supply systems. 
 
We will consider composing capacities of the liquid 
rocket engine fuel pump giving a component to the 
combustion chamber of the engine. 
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where pinlet – pressure of pump inlet, mpump – fuel mass 
flow, ρ – density of hydrocarbon fuel, ηΣ – total pump 
efficiency. 
 
The pressure demand at the pump outlet is determined 
by the pressure in the combustion chamber (pcooling) 
and the pressure loss in the line Δpfuel line) from the 
pump outlet before entering the combustion chamber. 

out cooling  fuel linep p p    

The latter consists of the friction loss in the chamber 
regenerative cooling path and the local loss of various 
natures (Δplocal losses). 

cooling local losses fuel linep p p      

Hydraulic resistance of the chamber regenerative 
cooling path coolingp  is rather large. 

For example, in engines developed by LLC "NPO 
Energomash" with oxygen-kerosene propellant 

components the dimension of hydraulic loss is 
30 percent or more from the pressure of the fuel pump. 
From the given formula it is clear that reduction in 
power of the fuel pump can be achieved by improving 
the efficiency of the pump and decrease of hydraulic 
loss due to friction in the supply system hydraulic 
paths. To provide and maintain the high level 
parameters of gas turbine-pump cruciform units and 
fuel supply system at the industry enterprises are 
created costly technological chains of manufacturing, 
testing and quality control of finished products. 
Decline of the hydraulic loss share in supply system 
hydraulic path of the liquid rocket engine, which is 
determined by friction, means a decline of 
hydrodynamic loss coefficient due to friction λ in 
Weisbach–Darcy Equation. The coefficient λ is a 
function of the Reynolds criterion Re and the 
roughness of the inner surface of the flow supply 
system. Manufacturing technology of materiel in 
enterprise space industry is quite high. For flow 
conditions of liquid-propellant component in the 
composition of the liquid rocket engine such surfaces 
are hydraulically unruffled. 
 
Therefore, we can not reduce the coefficient λ by 
traditional ways. Level of efficiency in the supply 
pump units of liquid rocket engines achieved to date is 
quite high. Further increase in pump efficiency of 
LRE is a very costly task, which requires sophisticated 
methods for calculating three-dimensional fluid flows, 
and experimental tests of pumps on model and 
full-scale installations. The complexity and costs in 
the development of a new pump is proportional to the 
achieved level of efficiency nowadays. 
 
Thus, the task of perfection of aggregates of supply 
system LRE in this area turns into a serious problem 
which can be solved by qualitatively new approaches. 
New features in the direction of palpable 
augmentation of energy efficiency of exploited LRE 
and launch vehicles to increase pay-load mass can be 
achieved by applying the modified propellants with 
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improved rheology based on macromolecular 
additives. The positive effect is to reduce the 
hydrodynamic resistance to flow of liquid rocket fuel 
component in the hydraulic tracts of supply system 
LRE. 
 
Reduced hydraulic losses due to friction in the lines of 
supply system of LRE using polymer additive allows 
to reduce the consumable power of the fuel pumps due 
to increasing of their economical efficiency.  
 
It also allows significantly reduce the required power 
of the fuel pump due to lower pressure loss into the  
tract of regenerative cooling of chamber. 
 
Literature has earlier described testing of DRA based 
on polyisobutylene on full-scale experimental stands, 
which were a identical copy of fuel lines of liquid 
rocket engines. The literature also described carrying 
out hot fire test of liquid rocket engines with 
hydrocarbon fuel modified by polyisobutylene. Results 
of hot fire tests of LRE different types have shown that 
increase of pressure of fuel pumps, i.e. increase in 
hydraulic efficiency is 6 – 7 percent (accounting 
increasing of disk friction). Increase in total fuel pump 
efficiency of tested engines is 13 – 17 percent, and the 
decrease in the hydraulic loss in channels of cooling 
tract is about 18 – 21 percent. 
This effect allows reducing the power requirement of 
the fuel pump at 20 – 25 percent. Thereby, the total 
power of the auxiliary pump-drive assembly is 
decreased by 7 – 8 percent. 
 
That we have obtained positive result, is very 
significant and allows us eventually increase the mass 
of payload. Thus, the synthesis and testing of 
macromolecular DRA for LRE is a crucial task. 
 
II. SUBJECT OF RESEARCH 
 
As it is known, when using DRA, the drag reduction is 
increasing at a constant rate until the concentration of 
DRA reaches a definite level. That concentration is 
usually referred to as the saturation concentration. 
After exceeding that concentration the effect level size 
begins to lower. The initial drag reduction rise as the 
DRA concentration increases can probably occurs due 
to the larger quantity of molecules tacking place in 
microvortices suppression. The effect size, lowering 
after the saturation concentration is reached, occurs 
due to a higher solution viscosity. Thus, to compare 
the ability of two different drag reducing agents to 
reduce hydrodynamic drag we need to determine their 
saturation concentration values. There are also other 
ways to compare hydrodynamic efficiency of different 
DRA. The main components of modern DRA are 
polymers and copolymers of higher α-olefines. A 
number of new synthetic methods for polymerization 

of higher α-olefines to give products of liner structure 
and ultra-high molecular weight of about 107 were 
developed. This makes possible to reach a maximum 
drag reduction at extremely low polymer 
concentrations – less than 0.001 percent. Any definite 
value of Reynolds criterion is corresponding to a 
definite value of a drag coefficient. However, in a 
viscoelastic liquid with a given Reynolds criterion, the 
polymer solution will show different drag coefficient 
values in different diameter pipes. Generally, in a pipe 
of a large diameter the drag reducing degree is less 
because of lower shift voltage and shift velocity. 
 
The introduction of DRA based higher α-olefines 
(co)polymers into the turbulent flow in the 
concentration of ~ 2,5 – 10 ppm of hydrocarbon liquid 
allows increasing flow capacity by 15 – 25 percent in 
pipes of larger diameter (200-800 mm), with Reynolds 
criterions of 10000-30000. In pipes of smaller 
diameter (from 1 mm to 10 mm) with Reynolds 
criterions from 4000 and higher, the value of drag 
reduction reaches 60 – 70 percent. This could mean 
the efficiency of DRA based on poly-α-olefines in fuel 
supply systems hydraulic lines of hydrocarbon fuel 
liquid rocket engines. 
 
The presence of viscoelastic macromolecular lumps in 
a solution with an immobilized solvent will result in a 
higher flow rate of a polymer solution in comparison 
with that of the solvent. These parameters can be 
easily registered with simple laboratory equipment. 
 
In this paper we present some results of comparison of 
hydrodynamic friction lowering efficiency for a 
solution of α-olefines based polymer (additive α1) and 
a solution of industrially produced polyisobutylene of 
Mw=3.5·106, depending on the Reynolds criterion, for 
a number of concentrations of solutions blowing 
through glass capillaries of 2.2, 1.7 mm in diameter 
and 800 mm long, in a turbulent mode. The hydraulic 
drag value of a solution of each concentration was 
determined sequentially for each pressure change 
without re-preparing the solution. The work modes of 
the measuring device (the handmade capillary 
"turbulent" rheometer) are given in tables 1 and 2, 
where U means flow rate, ΔP – pressure change. The 
work modes with different capillaries were chosen so 
that the closest to each other values of Reynolds 
criterion could be obtained. The pressure change is 
indicated taking into account a hydrostatic head. The 
measurement corresponding to the largest pressure 
change was only carried out for a solvent. 
 

Table 1 Modes of handmade capillary "turbulent" 
rheometer, 2, 2 mm capillary (pure heptane) 
∆р, Pа U, m/с Re 
5970 1,11 4290 
11030 1,56 6030 
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16100 1,92 7410 
21170 2,28 8800 
26230 2,59 9980 
31300 2,86 11040 

Table 2 Modes of handmade capillary "turbulent" 
rheometer, 1,7 mm capillary (pure heptane) 
∆р, Pa U, m/s Re 
15520 1,55 4630 
25550 2,09 6220 
35580 2,52 7520 
45610 2,92 8700 
55640 3,26 9710 
60795 3,60 10740 

 
III. RESULTS 
 
As a result of experiments carried out we obtained a 
number of correlations between drag coefficient and 
Reynolds criterion for additive α1 and polyisobutylene 
samples, shown in Fig.1 through 4. 
 

 
Fig. 1 The correlation between λ and Re for additive α1 (diameter 
of the capillary 2,2 mm) in logarithmic scale 1 – Poiseuille law; 

2 – Virk asymptote; 3 – Blasius formula; ○ – С=0 ppm; 
∆ - С=0,25 ppm; □ – С=0,5 ppm; + – С=1 ppm; х – С=1,75 ppm; 

* – С=2,5 ppm; ◊ – С=5 ppm; 
 

 
Fig. 2 The correlation between λ and Re for polyisobutylene 

(diameter of the capillary 2,2 mm) in logarithmic scale 
1 – Poiseuille law; 2 – Virk asymptote; 3 – Blasius formula; 

○ – С=0 ppm; Δ – С=25 ppm; □ – С=50 ppm; + – С=100 ppm; 
х – С=250 ppm; * – С=500 ppm; ◊ – С=1000 ppm 

 
Fig. 3 The correlation between λ and Re for additive α1 (diameter 
of the capillary 1,7 mm) in logarithmic scale 1 – Poiseuille law; 

2 – Virk asymptote; 3 – Blasius formula; ○ – С=0 ppm; 
∆ – С=0,25 ppm; □ – С=0,5 ppm; + – С=1 ppm; 
х – С=1,75 ppm; * – С=2,5 ppm; ◊ – С=5 ppm 

 
Fig. 4 The correlation between λ and Re for polyisobutylene 

(diameter of the capillary 1,7 mm) in logarithmic scale 
1 – Poiseuille law; 2 – Virk asymptote; 3 – Blasius formula: 

○ – С=0 ppm; ∆ – С=25 ppm; □ – С=50 ppm; + – С=100 ppm; 
х – С=250 ppm; * – С=500 ppm; ◊ – С=1000 ppm 

 
As it can be seen from the graph (fig.1), direct lines, 
which correspond to the correlations of λ and Re under 
varying concentrations of additive α1 in the solution, 
are between Blasius formula (3) and Virk asymptote 
(2). The most appropriate concentration of polymer 
agent in the solution is 2,5 ppm – 5 ppm, because the 
correlation of λ and Re for these concentrations is the 
closest to Virk asymptote. 
 
IV. DISCUSSION 
 
As in the figures additive α1 is much more efficient in 
hydrodynamic friction lowering compared to 
polyisobutylene: when Re values are low, the polymer 
concentration necessary for the maximum friction 
lowering is 1.75 ppm – 2,5 ppm for additive α1 and 
500 ppm for polyisobutylene. When Re values are 
maximal, the necessary concentration for 
polyisobutylene remains almost the same, but that for 
additive α1 increases up to 7.5 ppm. Taking into 
account an opportunity of using higher α-olefines 
based polymers in liquid fuel rocket engines, it is 
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expedient to carry out similar experiments but with a 
wider range of Re (up to 100 000) to investigate the 
tendency of these polymers to destruction. 
 
As it has already been noted, the destruction in a 
heat-stressed engine zone can be considered as a 
positive factor because it helps to keep the heat 
transfer coefficient from combustion chamber wall to 
fuel at a level of pure kerosene. 
 
Thus, ultra-high molecular polymers based on higher 
α-olefines can be considered as promising 
hydrodynamic drag reducing agents used in fuel paths 
of liquid-fuel rocket engines using high boiling 
hydrocarbon fuel. 
 
As it is known from practical experience on using 
polyisobutylene in fuel systems of liquid-fuel rocket 
engines, when refueling a tank of a pilot assembly or a 
rocket with a fuel containing a polymer dope, it is 
necessary to introduce first a definite quantity of a 
preliminarily prepared concentrated solution of a 
polymer in kerosene into a flow of pure kerosene 
under conditions of plug flow. 
 
This injection should be into a fuel line and should 
include a process of blending a polymer solution with 
pure kerosene. To perform a rapid and complete 
blending it is important to take into account the 
difference between the viscosity of a polymer solution 
and that of pure kerosene. Obviously, the more the 
difference between the viscosity of the solution 
injected and that of pure kerosene the longer the line 
section in which the blending process should be 
performed. On the other hand, the less concentrated 
solution has a larger volume. Observe also the fact that 
with increasing of concentration dramatically 
increasing dissolution time of the polymer. Bearing in 
mind all these factors , when preparing to perform a 
pilot igneous testing of a rocket engine, a content of 
polyisobutylene in solution should be 
0.6 – 0.8 percent of pure kerosene weight. Evidently, 
the volume of the concentrated solution needed to give 
a concentration of 0.05 percent, would be large 
enough. For example, when using polyisobutylene in a 
fuel line of RD 191, a 2 cubic meter reservoir should 
be available. Since additive α1 has the larger 
molecular weight compared to that of polyisobutylene, 
it is necessary to clear up, what is the highest 
concentration of additive α1 in kerosene providing the 
flow ability of a solution acceptable for its delivering 
under conditions of plug flow (at least, of a 
comparable value with the flow-ability of a 
concentrated polyisobutylene solution. In Fig.7 the 
correlations between the concentration at 20 °C and 
kinematic viscosity value for polyisobutylene solutions 
in kerosene and heptane; for additive α1 solution in 
diesel fuel with viscosity value of 2.5 sSt, which has 

parameters close to those of kerosene and heptane. 
The viscosity measurements were performed using a 
capillary viscosimetry procedure. 

 
Fig 7 Correlation between kinematic viscosity and concentration 

for solutions at 20 °C: ■ – polyisobutylene in kerosene; ♦ – 
polyisobutylene in heptane; ● – additive α1 in diesel fuel; ▲ – 

additive α1 in heptane 
The figure shows that under some conditions (the 
same solvent and equal concentrations) the viscosity 
values for additive α1 solution are significantly higher 
than those for polyisobutylene. This is because of 
significant difference between molecular weights of 
the polymers. It is also clear that the viscosity of the 
both polymers solutions depends strongly on the 
viscosity of pure solvents. Judging by the correlation 
between viscosity and concentration of additive α1 in 
diesel fuel, the value of C=0.5 – 0.7 percent is quite 
acceptable as a control value when preparing a 
concentrated solution of the polymer in kerosene. 
 
CONCLUSION 
 
1. A number of experiments were carried out to 
investigate the effect of hydrodynamic friction 
lowering, using a flow of industrial high-molecular 
polyisobutylene (М ≈ 3,5·106) and ultra-high 
molecular additive α1 (М > 107). 
2. Maximum friction lowering achieved was about 
65 percent for both polymers being used, the effects of 
identical value being reached in solutions of 
poly-α-olefines at concentrations of 5 ppm – 7.5, 
which are 50 to 100 times smaller than those for 
polyisobutylene. 
3. The values of kinematic viscosity for both polymers 
solutions of equal concentration are comparable. 
4. The results obtained give a reason to consider 
polymers based on higher α-olefines as an acceptable 
dope to hydrocarbon components of rocket fuel to 
lower hydraulic losses in systems delivering fuel into 
engine combustion chamber. 
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