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INVESTIGATION OF THE EXISTING METHODS FOR DESIGNING
PRE-COMBUSTION CHAMBERS IN HYBRID ROCKET ENGINES

Hybrid propellant rocket engines (HPRE) have been under development and advancement since the beginning
of rocket propulsion research, alongside liquid and solid propellant rocket motors. However, its pace was much
slower than that of the other propulsion types. Several companies have proposed hybrid launch vehicles in the
last few years, and research and publications on such technology have increased significantly. One of the most
crucial parts of HPREs is the pre-combustion chamber. This device is positioned upstream of the combustion
chamber and downstream of the injection head, and it greatly affects the engine’s performance, size, weight,and
cost, and combustion stability. Therefore, propulsion engineers are intensely interested in understanding the
processes occurring inside pre-combustion chambers. Unfortunately, there are few published works on the de-
sign of such systems. Additionally, many references only recommend empirical size relations, which may only
serve as a design starting point. Observing this issue, this paper compiles all the methods for designing pre -
combustion chambers and provides rich discussionson each. These methods are: 1) experiments, 2) empirical
relations, 3) numerical simulations, 4) droplet vaporization models, 5) combustion instability models, 6) droplet
collision outcome prediction,and 7) molecular dynamics. The positive and negative aspects of each method are
also considered. Moreover, other components that affect the calculation are discussed, such as injectors and
grain design. Finally,a development workflow recommendation was constructed by applying all the discussed
methods to reduce related costs and obtain an optimized design.

Keywords: pre-combustion chamber; hybrid propellant rocket engine; design workflow; droplet vaporization.

Introduction

Hybrid Propellant Rocket Engines were, through
several decades, aside from the main industry research
and development. However, in the 90s, this trend
changed with some initiatives, such as the AMROC [1].
In addition, only in the last few years has this technology
received opportunities to integrate important space mis-
sions, such as Hylmpulse, Innospace, SARA, Virgin Ga-
lactic, Nammo, and others [2-7]. This is thereasonthat a
smaller number of publications exist on the detailed de-
sign of devices for this technology, even nowadays. One
of the parts that lacks studies and is of substantial rele-
vance is the pre-combustion chamber (i.e., pre-chamber
or PC). The pre-chamber is responsible for providing
enough volume for the liquid propellant to be injected,
atomized, and vaporized (or partially vaporized), and for
pre-heating the oxidizer gas. In case gaseous propellant
is used, the pre-chamber may be shortersince no atomi-
zation and vaporization is required. In addition, [8] states
thatthe PC must be long enough to permit the flow reat-
tachment before the solid grain.

In general, a liquid oxidizer and a solid fuel is
used [9]. One of the reasons for this is that, in majority of

the cases, liquid oxidizers tend to vaporize fasterthan liq-
uid fuels [10-12].

If the pre-combustion chamber is longer than re-
quired, a heavier and a more expensive engine is ob-
tained. On the other hand, if it is shorter than required,
the engine’s performance is reduced and combustion in-
stabilities may appear [13-15].

Common approaches

Three main techniques were approached in most of
the projects. These are:

1) Bxperimentally;
2) Historic empirical relations;
3) Computational Fluid Dynamics (CFD).

Determining the PC size through experiments is the
most expensive and time-consuming approach since it
may take several hot and cold tests. Using empirical re-
lations is a midterm in terms of costs since it may reduce
the number of tests to develop a new HPRE by consider-
ing previous successful engines. Finally, CFD is being
one of the most used approaches since computational ca-
pabilities are advancing rapidly, and it drastically reduces
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the number of experiments. However, a geometry is re-
quired to reach the CFD phase, and empirical relations
may be used for initial estimations.

In addition to these three design procedures, new
theoretical models are being developed, such as droplet
vaporization models and feed system coupled instabili-
ties models. These and otherpossibilities, alongside with
some discussions on other engine’s devices that affects
the PC size is presentin this work. In addition, a full
methodology, combining the discussed techniques, is
proposed for a full understanding of the behavior of the
flow inside the PC and for a reliable design.

Experimentally-based design

As previously introduced in the last section, the ex-
perimental procedure is the most expensive. This ap-
proach consists of making several tests, dozens or even
hundreds of tests. First, in order to reduce these costs,
cold flows are performed. Cold flows may comprise in-
dividual injectors, a group of injectors (especially if im-
pinging-based injectors are implemented), or the full in-
jection head. These tests are useful for determining if co-
alescence or separation is obtained as an outcome of
jets/droplets collision and a vaporization length. Indeed,
this is just an approximation and are considered initial
tests since the propellant isn’t injected in an equivalent or
similar atmosphere (i.e., ambient temperature and pres-
sure). Additionally, propellant simulants are commonly
employed in thesetests, such as water or LN [16-18].

After adjusting the pre-chamber size based on cold
flow results, the hottests may be performed. In such ex-
periments, the characteristic velocity (C*) and, therefore,
the combustion efficiency (nC*¥) are the main observed
parameters since they evaluate the overall combustion
chamber performance and efficiency, and the PC size di-
rectly impacts these parameters. Several PC sizes are
tested,and a plot is built with C* and/ornC*. In addition,
another important axis of this plot is the weight since a
possible increase in performance may be unjustifiable
due to a higher increase in weight.

Finally, through hot fire tests also provides valuable
data on chamber pressure oscillations. It was found that
the PC also impacts on combustion stability and this will
be better discussed later. It is assumed that a stable com-
bustion has a pressure oscillation lower than 5% [9].

Empirical relations

In general, pre-chamber Length over Diameter, or
Lpo/Dpe, ratio ranges are used to design, at least, prelimi-
narily the PC. The same dozens or hundreds of tests ex-
plained in the previous section are required to define a
reliable ratio range. In addition, it is recommended that
data from several different engines is compiled to enrich

the empirical relation. Therefore, it is expensive and may
take many years to reach a well-grounded Lpc/Dpc, which
is why only a few relations are published in the literature.
One of the most commonly used ratios, as a rule of
thumb, is Lpe/Dpc = 0.5, as presented by [19]. [20] ob-
tained a value of 0.53 with vaporization models. Besides
experimental tests, CFD simulations and instability and
vaporization models also aid in defining the ratio.

In most of the cases, the designer will calculate the
diameter first since it is function of the grain final diam-
eter. And the grain final diameter is determined based on
some requirements, such burn time, initial port area, and
limitations on initial oxidizer mass flux, which was found
to be around of 650 kg/m?s for nitrous oxide/paraffin -
based combinations [9, 21]. Above that value, blowoff or
combustion instabilities may occur. It is important to
mention that if other propellants are used, this value can
vary, and in general, it is obtained through hot fire tests
or with CFD. Then, finally, one may calculate the PC
length with a selected value of Lyc/Dpc.

Computational Fluid Dynamics

CFD has been one of the most used tools during the
development phases ofrocket engines in the last few dec-
ades. It presents to be a reliable source of information of
any part of the engine in which there is flow of any fluid.
It is capable of simulating all involved processes, such as
multiphase flow, mass transfer, ligament and droplet
breakup, heat transfer, turbulence, and others. In addi-
tion, it can analyze 3D flows, which is, in general, a lim-
itation of analytical models that are restricted to 0D, 1D,
or Quasi-1D [10, 22, 23].

Even thoughiit is a cheaper solution in comparison
with the experimental approaches, it does not entirely
substitute hot and cold tests. In addition, a relevant in-
vestment must be made in a simulation software, con-
sumed electrical energy, powerful computers or a proces-
sor (CPU - Central Processor Unit or GPU - Graphics
Processing Unit) cluster,and CFD-specialized engineers.
Costs with Commercial-Off-The-Shelf (COTS) software
may be avoided or reduced by using open-source codes
(e.g., OpenFOAM). However, considerable time is re-
quired to develop and/or couple all needed models. Fur-
thermore, a refined and reliable simulation may take
days, weeks, or even months to converge, and many
hours are required to draw the geometry, prepare it for
the simulation, build the mesh, apply the correct models
and boundary conditions, and post-process the results, so
electrical energy consumption is not negligible [24].

CFD also helps to make adjustments other than the
length and diameter. Some examples are the injector’s
geometry (it directly affects the PC sizes), the injector’s
disposition on the injection head, other possible devices
inside the PC (e.g., diaphragms), modifications on the
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solid grain inlet or combustion port, curving and smooth-
ing sudden changes in diameter, and others. Additionally,
recirculation, commonly obtained, may be observed and
evaluated since it has a direct influence on the engine’s
performance and combustion instability [24-27].

Combustion instability

Some recent works related the dependency of the
pre-chamber with acoustic instabilities. It was found that
the combustion is stable if an injector, together with the
PC geometry, generates a strong recirculation zone. This
is due to the oxidizer pre-heating promoted by the recir-
culation before entering the grain combustion port. Also,
it acts as a flame holding at the grain inlet since the pro-
pellants mixing is enhanced in that region [27]. A specific
combustion instability type was deeply studied recently.
This type is the feed system-coupled (FSC) instability, or
L* instability. This instability happens only with liquid
oxidizers and especially with cryogenic fluids. Addition-
ally, it is characterized as a low-frequency instability
with narrow peaks. Since it is coupled with the feed sys-
tem, it is impacted by both the injectors and the tubing
upstreamthe injector [28, 29]. The FSC instability canbe
avoided by employing cavitating venturis, choked injec-
tors, or a cavitating venturi style injector. However, in
some cases, these solutions are not possible to be used,
whether because it does not apply to some oxidizers, such
as using a cavitating venturi for two-phase flows (e.g.,
nitrous oxide — N2O), or due to design restrictions on de-
signing a choked injector, or because it is expensive to
manufacture, such as the venturi injector [28, 30, 31].

In the cases where the FSC instability must be
avoided by the pre-combustion chamber design, the Sum-
merfield theory [32] was modified since it was originally
proposed for Liquid Propellant Rocket Engines (LPRE),
to be applicable for HPRE by [13, 15]. This theory relates
the residence times in the pre-chamber (tpc), in the fuel
grain (tf), and in the combustion chamber (tr) with a ratio
of the average chamber pressure by two times the injector
pressure drop. This parameter is mathematically defined
as:

PC
B=p
where P, is the average chamber pressure,and AP is the
injector upstream pressure minus the downstream one.

The critical line is defined when the growth in os-
cillation amplitude is equal to zero (o = 0); if a > 0 an
unstable condition is obtained; and if o < 0 a stable con-
dition is obtained. Therefore, o = 0 gives us a constant
pressure oscillation amplitude. However, any perturba-
tion may shift to the unstable combustion region, and the
designershould place its design point in the stable region
and relatively far from the critical line

Figure 1 shows the relation between B and the resi-
dencetimes dependentparameter presented below:

_ Tpct0.5T¢

)
Tr

where 1pcis in function of the pre-chamber length, injec-
tion velocity, and the gas velocity atthe combustion port.
tis in function of chamber pressure, port volume, com-
bustion gas constant, average port temperature, oxidizer
and fuel mass flow rates, the number of moles in the gas,
and a boundary-layerdelay time coefficient (obtained ex-
perimentally and may assume values from 0.55 t0 2.05 in
previous publications [13,33]). tris in function of cham-
ber volume, characteristic velocity, throat area, combus-
tion gas constant, adiabatic flame temperature, and char-
acteristic length. These and other important parameters
of this model are betterand more deeply described in [13,
15, 20].

1.5
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0.8 Unstable
— a>0
06
0.3 T=0.5p"
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a<0
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Fig. 1. Stability criterion for HPREs. Adapted
with authorization from [20]

As shown above, the stable region is quite strict.
The pre-chamber size directly impacts the tpcand the tr.
Therefore, it is possible to change the region from stable
to unstable only by varying the PC geometry and main-
taining the grain and injectors design, which may be in a
frozen development phase due to any restrictions in time
or costs.

In addition to this analysis, some devices may be
inserted in the PC to avoid instabilities and its size may
be reduced, such as diaphragms [25]. Some types of in-
jectors are also more prone to induce instabilities than
others [28, 34].

Droplet vaporization

Droplet vaporization models are widely employed
in LPRE design [10,12, 22, 35-40]. However, only a few
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published works have applied such a method to HPREs.
The majority of the models solve a system of equations
through numerical methods, such as 4t-order Runge-
Kutta. Some of the governing equations are mass trans-
fer, heat transfer, droplet heating rate, droplet accelera-
tion, and gas velocity. An adaptation of Priem’s model
[37] was made in [20] by solving the governing equations
on a liquid oxidizer droplet injected in an oxidizer-rich
atmosphere. Figure 2 shows the scheme used to solve this
problem. In this model, some assumptions are made, such
as no combustion or chemical reactions in the PC, the ox-
idizer is injected as spherical droplets, and it remains

..‘" fa= ",
O 000 fih |

spherical until the end of the simulation, constant ther-
mophysical and transport properties of the gas, no turbu-
lence effects, no droplet collisions, one-dimensional
flow, only convective heat transferexists, and all droplets
are equal and injected with same temperature, size, and
size.

In [20] the whole Priem adapted droplet vaporiza-
tion model is well described with the complete systemof
equations and the used flowchart of the algorithm. Also,
constructive discussions were made based on results and
comparisons with real hot fire tests from two different
HPREs.

\\
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Fig. 2. Scheme of a 1D vaporization model applied to a PC design. Adapted with authorization from [19]

In the above figure, tis for time, m for mass, q for
heat, x for position, r for radius, dp is the port diameter,
Tqis the droplet temperature, Lycis the PC length,and the
subscripts d, g, and i are related to the droplet, the gas,
and each iteration, respectively. By solving the equations
for two different HPREs that were tested with various
conditions, such as pre-chamber length, chamber pres-
sure, injector pressure drop, and oxidizer mass flow rate,
the minimum required length for complete vaporization
could be calculated for each condition. In addition, the
minimum required length for stable combustion was cal-
culated for each condition based on the theory discussed
in the previous section. Considering the maximum value
between these two lengths, a new range values for the
Lpc/Dpc ratio was proposed to be 0.26 < Lpc/Dpc < 0.66,
which is where the majority of the values were. Also, the
mean value between all datawas found to be 0.53, a very

close value to theratio proposed by [19] of 0.5, as previ-
ously mentioned.

Thus, the correct approach would be to design the
PC with a sufficient size to ensures stable combustion
and complete vaporization of the droplet.

Molecular dynamics

Another technique that may be used to analyze
droplet vaporization is the Molecular Dynamics (MD) or,
if chemical reactions are considered, the Reactive Molec-
ular Dynamics (RMD) [41-43]. MD and RMD are prov-
ing to be another useful tool to better study all aspects
related to the process involved in the interaction between
liquid droplets and the PC gas environment. Due to its
versatility in creating customized systems and its ability
to analyze molecule per molecule one is able to simulate
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a vaporizing droplet accurately. Several works were pub-
lished in this line of study [45-47]. However, there is lack
of publications on hybrid rocket propulsion.

Unfortunately, analyzing real-size droplets along-
side the gas around them requires a high computational
capacity. It may take several days/weeks to finish such a
simulation. Thus,some scaling law should be used in or-
der to make these analyses possible or worth it to be per-
formed. In general, droplet sizes in rocket engine appli-
cations are in the order of micrometers, and simulations
were conducted with scaled-down droplets with nanome-
ters [48]. The scale factor used is defined below:

2/3
Nd,sl /

2/3»
Nd,sz /

Scale Factor =

where subscripts s1 and s2 refer to two scaled simula-
tions. By using the above scale factor, the results were

validated with the D? law [49]. In addition to the scale
factor, the use of parallel computing led to a simulation
time of around 24 to 72 hours on a nanometer scale [50].
With modern computational advancements, this time can
be evensmaller. Anexample of MD ondroplet vaporiza-
tion inside a PC with a Liquid Oxygen (LOx) droplet in
a Gaseous Oxygen (GOx) medium is shown in Figs. 3, 4,
and 5. It is important to mention that this is justan exam-
ple created for illustration, and a too-small number of
molecules was placed. Each figure shows a time step in
the initial stage, intermediary, and final stages. The right
images are the molecules (dispersed = gas; concentrated
= liquid, due to density), the middle ones have a liquid
iso-surface, both shows the simulation box, and the left
ones shows a histogram of the number of molecules with
the position in X coordinate, in which 0 is the center of
the droplet.
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Fig. 3. MD (initial stage)— Left: Simulation / Middle: Simulation with liquid iso-surface / Right: Histogram
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Fig. 4. MD (intermediate stage)— Left: Simulation / Middle: Simulation with liquid iso-surface / Right: Histogram
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Fig. 5. MD (final stage)— Left: Simulation / Middle: Simulation with liquid iso-surface / Right: Histogram
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Discussion on the impact of injector
and grain design, and collision outcomes

The injector has a direct impact on PC geometry, as
already mentioned. It affects, in terms of the L* instabil-
ity, the three residence times (tpc, t, and tr) and the B.
Also, the recirculation may be reinforced or attenuated
inside the PC by the injector design.

In terms of droplet vaporization, the injector has di-
rect impact on the mass transfer rate, or vaporization rate,
onthe heattransfer, on the droplet heating rate and on the
droplet acceleration. In general, smaller droplets with
low injection velocity is desired. In this way, the droplets
tend to vaporize in a shorter volume.

Droplets injected inside the PC will eventually col-
lide with each other. These collisions may be beneficial
or harmful to the engine’s performance. If a high amount
of coalescence is presentas a result of the collisions, the
required PC size is increased since the resultant droplet
size is larger, and, therefore, the residence time for com-
plete vaporization is increased. On the other hand, if sep-
aration is obtained, the required PC size is decreased
since smaller droplets are generated. To obtain separa-
tion, higher relative droplet Weber numbers are recom-
mended [17, 49, 51], which is mathematically defined be-
low:

2
dd PLVrel
Wedr = o )

where dqis the droplet diameter, pL is the liquid density,
o is the surface tension, and vre is the relative velocity
between the two droplets. The relative velocity depends
only on droplet velocities and on injection angles. The
droplet velocity is obtained after the droplet breakup and
is a fraction of the injection velocity, which is defined as
Uo = Ca(2AP/pL)Y2, where Cqis the discharge coefficient,
and AP is the injector pressure drop. Therefore, the injec-
tor pressure drop is the main parameter used to control
the droplet Weber number [52]. [16] proposed another
form of the equation by summing thetwo droplets’ radii
instead of one diameter. Although an increase in pressure
drop leads to a decrease in droplet diameter, leading to a
decrease in Weber number, it also increases the droplet
velocity, which makes the Weber number increase since
it is squared. So, increasing the pressure drop is benefi-
cial to obtain smaller droplets and a higher Weber num-
ber, which is vital to decrease required residence time and
decrease coalescence probability, respectively, but it in-
creases the droplet velocity, increasing the required resi-
dence time. Of course, one cannot increase indefinitely
the AP since some limitations, such as weight, make it
impractical. Unfortunately, there is a lack of references

in the literature investigating collision outcomes of oxi-
dizer droplets. It is much more common to find refer-
ences on hydrocarbons and water.

To understand the behaviors of the injection veloc-
ity, droplet Weber number and droplet size, determined
by the Sauter Mean Diameter (SMD) calculated in the
next equation [54], the graphs in Figs. 6, 7, and 8 were
plotted for N2O and LOx

SMD — 500d, ”uLO-Z’
pPLO

where do is the discharge orifice diameter and p. is the
dynamic viscosity. Uo is used instead of vre to calculate a
single droplet Webernumber. The following graphs were
obtained for LOx under90 K and 1 bar and for N.O under
298 K and saturation condition since it is stored as a two-
phase fluid and commonly used as a self-pressurizing ox
idizer [55, 56].
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Fig. 6. Uo in function of AP for N2O and LOx
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Fig. 7. SMD in function of AP and do for N2O and LOx
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Fig. 8. We in function of AP and do for N2O and LOx

As the above equations and graphs show, the We
increases with pressure drop. To calculate those results,
the injector Webernumber was calculated. Therefore, in-
stead of using dq and vrer, do and Uo were used.

One crucial factor to consideris that only the SMD
is shown in the graphs. Nevertheless, the injector pro-
duces a distribution of droplet sizes, and some values
along the distribution may be considered to evaluate if all
droplets will vaporize.

Lastly, the grain design also directly impacts the
combustion instability and droplet vaporization models.
It affects directly the three terms of the residence times
dependent parameter T. In addition, the gas acceleration
is calculated in function of the port diameter.

Development workflow

All the exposed methodologies in this work are rel-
evant and may be used to design pre-combustion cham-
bers. Moreover, combining them is also possible and can
be part of complete a development workflow. The pro-
posed steps are as follows: 1) The first step would be pre-
dicting the droplet collision outcomes, 2) followed by a
preliminary design based on empirical relations. 3) Then,
the pre-chamber size is calculated through droplet vapor-
ization and 4) instabilities models. 5) The next step would
be validating the models through CFD and 6) finally val-
idating with experimental tests. In each step, a verifica-
tion should be made for any required modification based
on the discussions made in this work, such as weight and
size restrictions, performance, and other parameters.

The next figure presents this workflow on a block
diagram, which provides avisualization of the methodol-
ogy. It is important to mention that this approach is fo-
cused on the pre-combustion chamber design. However,
as previously discussed, other components may impact

on it and other steps may inserted if these components
can be modified.

Prediction of
droplet collisions
outcomes

High probability Yes Redesign the Development is
- complete
of coalescence? injection system
No
PC prel\mu_'lary Yes Any required
design with modification?
empirical relations

Validation with
hot tests

Vaporization

Instability models models

Inside size
and weight
requirements?

Any required
modification?

Validation with No Validation with
CFD cold tests

Any required
modification?

Fig. 9. Pre-combustion chamber development workflow

Following the above-proposed methodology, the
most expensive phases, such as CFD simulations and ex-
perimental testing, are reduced since, nowadays, analyti-
cal models for droplet vaporization and combustion in-
stability prediction present to be reliable. Even though
numerical simulations are considerably cheaper than hot
testing, they are much more expensive than running the
analytical models. However, although these models are
reliable, CFD investigations and, most significantly, cold
and hot tests cannot be substituted by them. This is
mainly due to the fact that these models do not capture
all involved processes, and some assumptions are made.

Conclusions

A pre-combustion chamber has a vital role in en-
hancing the engine’s combustion stability and perfor-
mance. However, a full comprehensive methodology to
design such acomponent was a necessity in the academic
community. This paper presented all aspects related to
the PC development in already published methodologies.
Combining these approaches, a complete development
workflow was proposed with (1) Prediction of droplet
collision outcomes; (2) PC preliminary design with
known empirical relations; (3) Combustion instability
prediction and droplet vaporization models; (4) CFD val-
idation; (5) Cold flow tests,and; (6) Hot fire tests.
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The proposed workflow may not be followed in
every project, due to some time or financial restrictions.
However, following it will provide a reliable design. In
addition, it is important to remember that verifications
must be made in every step, and re-designs should be
made if required. Finally, this work is helpful for any en-
gineer to properly design a pre-chamber with stable com-
bustion and high efficiency.
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JOCJIIKEHHA ICHYIOUUX METOJAIB INPOEKTYBAHHS KAMEP
IIOIEPEJTHHOI'O 3I'OPSIHHSI B I'IBPUIHUMX PAKETHUX JBHUI'YHAX

Maypicio Ca I'onmixo

I'iopumai paketni msurysu (I'PI) po3poOisroThCs Ta BIOCKOHAIOIOTECS 3 CAMOTO MOYATKy JOCIIMKEHb paKeT-
HOTO PYXY, HOPSI 3 PIIMHHUMHU PAKeTHUMHU JBUTYHAMH Ta TBEPIOMAIMBHUMHU PaKCTHUMU JBUryHamu. OmHak iXHid
PO3BHUTOK BiZOyBaBCS 3HAYHO IMOBUIbHINIE, HDK IHINMX THINB JBUIYHIB. 3a OCTAHHI KUIbKA POKIB KUIbKa KOMIIAHIH
3alpOTIOHYBaJIM TIOPHUHI PaKeTH-HOCI, a JOCHPKeHHS Ta MyOJiKalii Ha 110 TeMy 3Ha4HO 3pocyu. OiHiero 3 HaliBa-
smBimux yactuH I'PJ] € monepenust kamepa sropsuafs. Lleit npuctpiii po3TamoBaHuil meEpes KaMepOoro 3TOPSIHHS Ta
IMIC/s IHKEKIIAHOT TOJOBKY 1 Ma€ BEIMKUN BIUIMB HA IPOAYKIHMBHICTh JABHTYHA, PO3MIPH, Bary, BapTICTh Ta CTAOUIb-
HiCTb 3ropsiHHA. ToMy IHXEHEPH-IBUTYHOOYIIBHUKH Jy>XKe 3allikaBlIeHi B PO3YMIHHI MpOIECiB, M0 BiIOYBalOTECA B
nomnepeaHiin kamepi sropsaas. Ha kanb, ICHy€ HeBENMKA KUIBKICTh AOCTYHHHUX ITyOJIKAIiHi 1100 IPOEKTYBAaHHS TaKO i
cucteMu. KpiM Toro, 6arato mpKepel Juile peKOMeHAyIOTh AesIKi eMIIIPUYHI CIIBBIAHOIIECHHS DPO3MIPIB, SKI MOXKYTh
OyTu JuIIe MOYaTKOBOIO TOYKOIO MPOEKTyBaHH:I. BpaxoByrouu 110 mpoOiemy, Iisl CTaTTd 30Upae Bci METOM MPOEK-
TyBaHHS MOMEPEIHIX KaMep 3TOPSHHS Ta JeTaIbHO 00TOBOPIOE KOXKEH 3 HUX. LIl MeToau BKIIOYalOTh: 1) eKCIepuMe-
HTH, 2) €MIIIPAYHI CHIBBIAHOIIEHHS, 3) YMCJIOBE MOACIIIOBaHHA, 4) MOJEN BUIIapOBYBaHHS Kpaleib, 5) Moael He-
CTaOUILHOCTI 3ropsiHHS, 6) MPOTHO3YBAaHHS PE3YJbTATIB 3ITKHCHHS KpaIllelb, i 7) MOJEKYJApHY AMHAMIKY. Takox po-
3MJIJaI0TECS TO3MTHUBHI Ta HETATHBHI aCIEKTH KOKHOIO MeToay. KpiM Toro, 00roBOpIOOTLECS IHIIT KOMIIOHEHTH, 1110
BIIMBAIOTh HA PO3PAXyHKH, Taki SK JAU3aliH iHXEKTOPIiB 1 3epHa. Hapeiti, pexoMeHallii 111040 pod0o4oro mpoiecy
PO3pOOKH Oy CKITaeHi NUITXOM 3aCTOCYBaHHS BCiX 0OTOBOPEHUX METOIIB IS 3HM)KEHHS BUTPAT i OTPUMAHHS OTI-
TUMI30BaHOTO JH3alHY.

KmouoBi cioBa: xamepa MomnepeaHboro 3ropsiHHs; TIOPUIHUN pakeTHUH IBUTYH; pPOOOYHIA MPOIEC MPOEKTY-
BaHHS; BUIIApOBYBAHHS.

Maypicio Ca I'oHTix0 — AepOHAaBTUYHHI TCXHOJOTIYHUHA IHCTHTYT, acpOHaBIiraliiHa iHXeHepis Ta MeXaHIKa,
aepOKOCMIUHA Tira Ta eHepreTrka, bpasmis.
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