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ABSTRACT

The work focuses on optimizing the pressurization system’s operating performance for a fuel tank of a turbo-pumped liquid
propellant rocket engine. This system is the most complex and expensive in a medium-size launch vehicle, after the engine. A new
patented methodology of reducing the final mass of a rocket stage is proposed, studied, and validated. The application of the
proposed method is efficient at the end of the engine operation sequence during the throttling regime. The calculation method
of the helium excess in the high-pressure cylinders uses the model of the real gas. It also involves empirical relations describing
nonstationary heat and mass transfer in the system. As an innovative technical solution, the authors propose to estimate excess gas
discharge from tanks and cylinders after the engine’s last throttling. The practical application of the research allows saving tenths
of kilograms of a payload with the implementation of simple modification in the launcher control program. The research results
demonstrated the effectiveness of the methodology on the example of the RD-171 fuel tank pressurization system.
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INTRODUCTION

A few new development trends are well-settled within modern rocket and space technology. First is a demand for space technology
progress. The second is yearly launch counts a minor increase among all countries in the world. According to the Space Launch
Report (Kyle 2020), there have been made 114 launch attempts in 2019 with 10 failures. The reason is that the satellites are getting
more compact, and their orbit lifetime grows due to satellite technologies’ improvement. A medium-sized launch vehicle can
simultaneously launch to orbit up to a hundred satellites (Datta 2021). The third trend is space commercialization, where multiple
private companies worldwide are offering their services.

The trends outlined above have boosted the rocket launch market competitiveness. That resulted in additional effectiveness
indicators to be born. One of the principal criteria is the cost of bringing a payload to orbit (Cas 2019). The time when governments
had competed in entering space at any price for political reasons is far behind. At the same time, the mission reliability must be
no less than already widely accepted. There are several ways to a rocket launch cost reduction. One way is to explore new and
revolutionary technical opportunities, and another one is to modernize existing systems. New innovative technologies implementation
in the aerospace field requires rigorous experimental development. It requires both time as well as high costs. Nowadays, modern

rocket launchers still have some legacy systems with no design adjustments in decades. One can find new reserves, and excessive
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mass could reduce after a rigorous revision of such components. However, some system optimizations might not require costly
testing and redesign. These optimizations pose both scientific and technical innovation interests.

The most expensive and technically complicated launch vehicle part is the liquid rocket engine (further — engine). The second
most costly part is the helium pneumohydraulic pressurization system, according to Degtyarev et al. (2014). These systems are
the most widespread and used in the following launch vehicles: Falcon-9, Electron, Atlas-V, Antares, Angara (A comprehensive...
2020). The central unit in those systems is the pressurization system of the fuel tank. Therefore, it is rational to explore reserves,
first of all in rocket launchers’ most expensive and sophisticated components.

The historical analysis of the engine working cycle demonstrates potential areas for their improvement. Engines for lower
stages designed in the late 1960s worked up to 95% of the time in their nominal regime. RD-107, RD-108, and F-1 are typical
examples of such motors. Therefore, the defining criteria for the pressurization system design are the end of engine operation.
At this moment, the impact of the fuel column height & on the input pressure consumed by the pump Pinp 18 minimal, whereas
the hydraulic pressure loss remains nominal, according to Eq. 1., Belyaev (1976) have found the minimal required gas pressure
inside the tank:

1

2)

where P, is the required input engine pressure, 4p,, is the anticavitation pump reserve,  is the fuel level in the tank, p is the
fuel density, n_is the longitudinal acceleration of the rocket (Eq. 2).

Katorgin (2004) shows that the modern engine for the first stage of the rocket launcher can provide a deep in-flight
throttling (Fig. 1). Nowadays, this requirement became technically achievable. For example, for the engine RD-191,

the throttling intensity may reach up to 30%. Nevertheless, the settled pressurization system design guidelines do not
entirely utilize that capability.
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Source: Adapted from Katorgin (2004).
Figure 1. Operation diagram of the RD-180 for the launch vehicle Atlas-5 400 series (a), 500 series (b).

Technical literature with a focus on pressurization systems discusses primarily methodological problems. They refer to

the theoretical, numerical, and experimental studies of the fuel tank’s internal flow processes and optimize the propellant
tank’s geometry.

Holt et al. (2000) studied an integrated generalized simulation program model for the helium pressurization system’s fluid
system, where they predicted pressure and temperature values correlate with data collected experimentally. The study of Kim

et al. (2012) describes transient thermal behavior in the cryogenic oxidizer tank for the liquid propulsion system. In the fuel tank
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during helium input pressure, growth was investigated with close attention. The minimum helium solubility within oxygen is
detected. Wang et al. (2013) present the original fluid dynamic model. The heat exchange inside the tank and outer aerodynamic
heating are evaluated side-by-side. Naoumov et al. (2019) investigated the high pressurized hot gas input into the free tank volume.
Tank internal processes have high variations due to the complex gas flow models.

Wang et al. (2015) have made an experimental investigation on the cryogenic tank operation during the high-temperature
pressurization by helium. The research presented beneficial experimental results. It allows the pressurization system design and
optimization with a high-temperature gas supply. Park et al. (2005) described a method to determine the optimal size of a liquid
helium tank and presented a set of results under a given set of requirements.

In et al. (2005) studied an electric heater that makes the pressurization system of a liquid propellant rocket very simple and
reliable by reducing the volume and the weight of the pressurant tank. The research investigated the effect of the heating power
on the pressurization performance through the experiment.

The studies focused on improving the tank pressurization systems” calculation methodology, as follows from the literature
analysis. Until now, there was no research found on estimating the demand for gas pressure in fuel tanks at various points during
the engine operation to reduce the final mass of a lower stage of a launcher.

This study aims to decrease the pressurization systems’ weight for the modern throttleable engine’s fuel tank. The particular
objectives of this work are:

e To find the actual gas pressure-demand within a fuel tank of a modern engine;
e Taking advantage of engine throttling for existing and in-design pressurization systems;
e Defining reduction method of a rocket stage final mass for given technical specifications.

The practical application of current research allows saving tenths of kilograms of a payload with the simple modification in

the launcher control program.

METHODOLOGY

The rocket engine RD-171 (A comprehensive... 2020) will be used as an example to describe a calculation methodology that
allows reducing the lower stage weight. The analysis of the RD-171 shows that the injector head pressure (Fig. 2) is entirely similar
to the produced thrust (Katorgin 2004).
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Source: Adapted from Mitikov (2015).
Figure 2. Pressure (thrust) diagram on the injector head of the RD-171.

Figure 2 highlights that the engine RD-171 throttles only once, starting from the 110" second of the flight. Here and further,

zero time corresponds to the launch vehicle’s start, and P, is the engine’s nominal thrust defined as (Eq. 3):

3)
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The fuel tank gas pressure P, -, obtained by the mathematical model (Mitikov 2015) is shown in Fig. 3. It also represents the

fuel tank gas pressure P, based on six in-flight tests. The comparison shows decent modeling accuracy; that is a statement
the authors rely further on upon. Figure 3 also shows the required fuel tank gas pressure P, for RD-171 during the flight,

according to Katorgin (2004). Here, the region SF corresponds to the safety valve adjustment.
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Source: Elaborated by the authors using data from Mitikov (2015).

Figure 3. Fuel tank pressure for RD-171.

Analysis of the in-flight demand for gas pressure in the fuel tank shows the following. With the engine throttling from 110 s of
flight, the fuel tank’s required gas pressure drops sharply. The pressure losses of fuel along the paths AP,;; decrease proportionally

to the second power of the velocity (flow rate) of the component, according to the relation of Darcy-Weisbach:

4

where A is the hydraulic friction coefficient, l and d are the length and diameter of the pipeline, respectively, V is the average flow
velocity of propellant, g is the acceleration of gravity.

In this process, a decrease in overload n_with a small fuel level & before entering the pump affects only the first degree,
according to Eq. 1.

When the RD-171 engine runs without throttling, the tank’s required gas pressure would only increase after 110 s of flight. It
happens due to: (i) a further decrease in the fuel level contribution to the engine inlet pressure; (ii) hitting the upper heated fuel
layer at the engine inlet that increases the saturated vapor pressure.

The second factor is insignificant for fuels like RP-1. However, it is definitive for the oxidizer. When the engine RD-171 switches off
after the throttling regime, there is an excess of at least 0.1 MPa of gas pressure in the tank. Unfortunately, it is not possible to specify this
value more accurately. In Mitikov’s (2015) work, the tank’s required gas pressure is below 0.1 MPa at the end of the engine’s operation was
not defined due to another research goal. Such an example once again demonstrates one of the old pressurization system design patterns.

The analysis of the described picture derives a reasonable outcome. In the second half of RD-171 operation, there is an excess gas
pressure in the fuel tank starting from the throttling regime and before its shutdown. This example confirms the new possibilities
of reducing the weight of a launcher’s first stage. It demonstrates the typical situation with the engine’s deep throttling at the end
of the engine operation. For example, for the Atlas-5 launch vehicle using the RD-180 engine with a heavy payload, the tanks’ gas
pressure should also drop sharply after its last deep throttling after approximately 170 s of flight (Fig. 1b). Unfortunately, Katorgin
(2004) does not specify the required gas pressure inside the tanks for this case.

The presented situation allows the search of methods to reduce the mass of pressurization systems for all engines with throttling

in the second half of their work. Mitikov (2020) studied the pressure dumping method of the excess gas in the tanks to the required
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values. Structurally, this method has a simple, practical implementation. Opening the tank drain valve for a specific time interval
solved the problem. Discharge of the gas realized using torqueless valves allows the system’s efficiency to be improved. The release
of the helium residues from the pressurization system’s high-pressure cylinders may improve the technical solution, decreasing
the rocket stage’s total mass. For example, the pressure in the helium cylinders of the RD-171 fuel tank is about 2 MPa after 110 s
of the flight and about 4 MPa in the oxidizer’s cylinders.

Now let’s examine a method for calculating the discharge process and the required time interval for which it is necessary to
open the drain valve of the fuel tank to relieve excess pressure. As an example, the authors take the first-stage fuel tank of the Zenit
launch vehicle. As shown in the diagram (Fig. 4), helium is injected from the cylinders (1) at cryogenic temperature into the fuel
tank (6) by the shortest route (3) continuously while the engine is running. The tank, weighing several tons, and fuel, weighing
several tens of tons, serve as heat exchangers. Figure 4 also shows the flow control equipment (4), gas inlet (5), drain valve (7),
and the stop valve (8). Such schematics are exceptionally effective when the propulsion system operates with the afterburning of
an oxidizing gas. It has been implemented at the first and second stages of the Zenit and Mayak launch vehicles, the first stage of

the launch vehicle Energia, Antares, Atlas-III, and Atlas-V (A comprehensive... 2020).

Source: Elaborated by the authors.

Figure 4. General schematics of the fuel pressurization system of RD-171.

First, we determine the free gas volume of the propellant tank V at the 100" second as shown in Eq. 5:

€)

where, P is the gas pressure in the free volume of the tank, R is the helium gas constant (evaporation of the kerosene at a temperature
near 200 K is negligibly small), T is the mass-averaged temperature of helium in the free volume of the tank.

The helium flow 7i1g,(t) through the drain valve with the flow area f;, from the tank into the near-vacuum pressure (critical
outflow) is determined by the Saint-Venant-Wantzel formula (Spurk and Aksel 2020). In this case, the ideal gas model can be

used as shown in Eq. 6:

(6)

where, &, is the local resistance coefficient of a drain valve.

The only unknown parameter in Eqgs. 5 and 6 is the helium mass-averaged temperature in the tank. Due to the intensive
gas circulation, vertical thermal stratification in the tank does not happen. When the system injects a relatively small portion
(compared to total gas mass) of high-density gas into the tank, its mixing occurs almost immediately (Belyaev 1976). Therefore,
the Saint-Venant-Wantzel formula may use the experimentally estimated gas temperature at the tank’s upper dome (Fig. 5)

(Mitikov 2020).
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Source: Elaborated by the authors using data from Mitikov (2020).

Figure 5. Actual temperature drop (two independent measurements) of the gas at the upper bottom of the RD-171 fuel tank.

On the 110" second of RD-171 operation, the fuel tank gas temperature (Fig. 5) is equal to 218 K. This value is obtained with
sufficient accuracy by the methodology of Mitikov (2015). As indicated above, the method is based on previous experimental
in-flight data analysis involving fundamental thermodynamic relations.

The gas pressure temporal change in the fuel tank due to the gas extraction 71, and injection from the pressurization system

D
1, can be obtained by jointly solving the Clapeyron equation for the ideal gas and the first law of thermodynamics (Eq. 7):

@)

where Vis the free gas volume in the tank, k = const = 1.66 is the specific heat ratio of helium (evaporation of kerosene is negligible,
considering low temperature), Q , is the total heat flow to the gas from surrounding walls, T is the average temperature of the gas
inside the tank, and V' is the fuel volumetric flow rate.

The heat flow balance to the pressurization gas in the tank, excluding condensation, evaporation of propellant, and chemical

reactions in the free volume of the tank (Egs. 8-10) is equal to:
(®)
€
(10)

where, Q ; is the heat flow from the propellant to the pressurization gas, «; is the heat transfer coefficient from pressurization gas
to the propellant surface, AT, = T - T, is the temperature difference between the pressurization gas and the propellant surface, F,
is the area of propellant surface, Q, is the heat flow from the pressurization gas to the tank wall, « is the heat transfer coefficient
from pressurization gas to the wall, AT =T - T, is the temperature difference between pressurization gas and the wall, and F,|
is the dry area of the wall.

Heat fluxes from the tank wall and free fuel surface to the pressurization gas are determined from the empirical formulas for

the heat transfer in natural stationary convection Nu = f{Gr, Pr), according to Belyaev (1976) (Eqs. 11-13).

11)
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(12)
(13)

where Nu is the Nusselt number, Gr is the Grashof number, Pr is the Prandtl number, « is the heat transfer coefficient, d is the
characteristic linear dimension (tank diameter), v is the gas kinematic viscosity coefficient, 8 is the gas volume expansion coefficient,
and a is the thermal diffusivity of the gas.

The heat transfer coefficients are defined in Eqgs. 14 and 15:

(14)
(15)

The model consists of ordinary differential and algebraic equations. The calculation procedure is as follows. According to
Eq. 6, the authors determine the gas mass loss from the tank and the decrease of the tank pressure. Here the authors consider the
loss of heat to the boundary surfaces according to Eq. 7. After the first step of integration, the amount of gas remaining in
the tank and its average temperature is calculated. The heat balance equation for the tank wall allows to determine the wall mass-
averaged temperature for the next integration step. The fuel surface temperature can be considered constant and equal to the
initial temperature. Its change is insignificant in comparison with other parameters. Then, the calculation repeats until the total
integration time is reached.

The system’s solution requires a setup of the initial conditions and definition of the temperature dependences and the
thermophysical properties of the fuel, helium, and the tank walls’ material. The system’s numerical integration with the time step
of 0.1 s using the Euler or Runge-Kutta method allows obtaining a satisfactory solution.

The calculation stops when the tank’s gas pressure reaches its lower limit P, (Fig. 3), determining gas mass in the tank. One
may obtain the gas mass-averaged temperature in the tank from calculation or the experiment (Fig. 5). The drain valve is open
until the tank pressure drop reaches a desirable value.

The procedure of helium release from cylinders occurs according to the following algorithm. After the pressure release
starts, the cylinders’ valves do not need to be closed. When the gas pressure in the cylinders reaches a specific level, the stop
valve (8) closes (Fig. 4), and the flow finishes. The cylinder discharge is determined by a similar method to the tank discharge
explained above.

There are two commonly used calculation methods of helium discharge. The first one takes into account the heat exchange
of helium with the cylinder. The second one, less accurate, assumes a constant temperature of helium in the cylinders. For any of
these approaches, first, the total mass of helium in the cylinder before the throttling starts should be determined. Following Eq. 5,
it is necessary to calculate the pressure and temperature variation of helium in the cylinder (Mitikov 2015).

The behavior of the gas pressure in the cylinders during the system operation can be calculated as follows. Differentiating the
internal energy equation applied to a cylinder by a system’s operating time and involving the first law of thermodynamics, the

authors obtain Eq. 16, as follows:
(16)

where, V_= const is the cylinders’ internal volume, z is the helium compressibility coefficient, QC is the heat flux from the
cylinder wall to the gas, m _is the gas mass flow rate, T is the gas temperature in the cylinder, P_is the absolute pressure of

the gas in the cylinder.
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The adiabatic coefficient of helium in the general case for a real gas depends on temperature and pressure k = f (T, P_). However, in

the studied range of temperatures from 40 to 90 K and pressures from 0.4 to 23.0 MPa, this value is practically constant (Istomin
1997). To determine the compressibility coeflicient of helium, one can use the confirmed relationship (Shevchenko ef al. 2018).

The estimated error in Eq. 17 is near 1% in the range of helium temperatures from 40 to 90 K and pressures from 1 to 30 MPa.
17)

When the helium outflow from the cylinders is critical, the mass flow rate could be determined by Eq. 1. The reduced coefficient
of resistance of the entire discharge system should be used as the global resistance coefficient. The amount of gas discharged from

the tank can be calculated by the equation of state (Eq. 18):
(18)

where, P, is the gas pressure in the tank at the end of the gas relief. For example, having the V=80 m’, DP = 10° Pa,and T =218 K,

we receive Dm = 17.7 kg.

RESULTS

Calculations of the RD-171 fuel by the proposed method tank showed the following. The final gas mass can be lowered by
approximately 23.4 kg by relieving 0.1 MPa of pressure from the fuel tank. In an actual flight, at the end of the RD-171 engine
operation, the tank pressure can be reduced by more than 0.1 MPa. In such a way, mass saving could be more prominent.
To implement this proposal, just two commands from the control system are sufficient—to open the drain valve and close it.
The proposed solution can be strengthened by dumping the residual helium pressure from the cylinders. The effect of the technical
solution described will be more significant with a deeper engine throttling in the second half of its operation.

CONCLUSIONS

A new method of estimating the demand for overflow gas for rocket engines with throttling in the second half of their operation
is proposed and analyzed. It has shown that the need for boost gas pressure in the tanks commonly drops significantly after the
last throttling of the engine. Such a solution considers the discharge of excess gas from tanks and cylinders of the pressurization
system overboard. The reduction in the final stage mass is several tens of kilograms. Nevertheless, the cost of implementing this

solution is also minimal.
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