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OPTIMIZATION OF COOLING CHANNELS OF LIQUID ROCKET ENGINES
USING A DIFFERENTIAL HEAT TRANSFER MODEL

The subject matter of this study is the thermophysical processes occurring in the cooling channels of liquid-
propellant rocket engines. The goal of this research is to create an algorithm for optimizing cooling channels.
The tasks include formulating the optimization problem and performing test calculations. The problems were
solved using applied mathematics and optimization theory methods. The following results were obtained in the
course of addressing the research objectives. The problem formulation was developed based on a literature
review, and the structural mass was selected as the objective function. Changes in the geometric parameters of
the cooling channels also influence the required pressure of the corresponding pump and, consequently, its mass.
The objective function was defined as the total mass of the cooling channels and the coolant pump. The primary
function of the cooling circuit is to keep the chamber wall temperature within acceptable limits. To ensure the
operability of the optimized geometry, a constraint was implemented through the penalty function method. Fur-
thermore, an optimization algorithm was developed based on the previously derived differential model of the
cooling channels. Test calculations were performed using the proposed algorithm. The RD-111 engine’s gas
generator and the RD-119 engine’s thrust chamber, for which data were obtained from open sources, were used
as test cases. The calculations resulted in a new optimal channel geometry. In the case of the RD-119 engine
chamber, the system mass was reduced by 5%. Conclusions. The scientific novelty of the obtained results con-
sists of the development and verification of a new approach to optimizing cooling channels in liquid-propellant
rocket engines. This approach is based on a previously proposed differential heat transfer model. The developed
optimization algorithm simplifies the cooling system design process, thereby reducing both the time and cost of
liquid-propellant rocket engine design.

Keywords: liquid-propellant rocket engine; cooling channels; differential heat transfer model; optimization al-
gorithm; channel geometric parameters; mass minimization.

It should also be noted that an increase in coolant
velocity can be achieved in several ways — for example,

Introduction

Designing cooling system for liquid-propellant
rocket engines is a complex and labor-intensive process.
One of the main challenges is that the geometric param-
eters of the cooling channels must be determined for a
large number of cross-sections, taking into account vari-
ations in the chamber radius, local heat flux, coolant tem-
perature, thermophysical properties and other factors. It
is also important to recognize that a change in geometry
at one cross-section can affect the flow parameters in the
upstream regions of the channels.

Furthermore, the task is complicated by the fact that
the parameters of the cooling system, such as pressure
drop, directly influence other components of the rocket
engine. This effect is particularly significant for the cool-
ant pump. As the coolant velocity increases, the heat
transfer coefficient also rises, resulting in lower wall tem-
peratures and improved cooling reliability. How-ever,
this simultaneously causes higher pressure losses in the
system, which requires greater pump pressure and conse-
quently increases both the pump's weight and drive
power.

by reducing the channel height or by increasing the heli-
cal angle, which decreases the channel width. Therefore,
effective design requires the ability to determine the most
efficient ratio of geometric parameters across all cross-
sections of the chamber.

Motivation

A logical step in advancing the efficient design of
cooling systems is the optimization of the cooling chan-
nels. It is well known that during the period of rapid de-
velopment in heat transfer modeling, computing technol-
ogies were unable to meet engineering requirements. As
a result, the mathematical models developed at that time
were deliberately simplified to reduce computational
complexity [1]. The same applies to the methods pro-
posed then for optimizing the geometric parameters of
cooling channels [2]. Most of these approaches were re-
duced to simple analytical correlations or graphical rep-
resentations of final results, subject to significant as-
sumptions and simplifications.
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However, the computational resources available to-
day make it possible to perform multiparameter optimi-
zation within acceptable time limits.

Furthermore, modern approaches to modeling heat
transfer in liquid-propellant rocket engine cooling chan-
nels can be effectively utilized for optimization purposes.
As shown in [3, 4], the application of advanced mathe-
matical models significantly improves the accuracy and
reliability of the obtained results.

Therefore, the development of an approach to cool-
ing channels optimization remains a relevant and im-
portant task.

State of the art

To identify current trends in cooling channels opti-
mization, a review of recent research was conducted. For
instance, studies [5, 6] performed parametric heat trans-
fer calculations that demonstrated the influence of vari-
ous geometric parameters of the cooling channels on its
efficiency. However, the procedures used to determine
optimal values are not formalized and do not guarantee
the identification of a global optimum.

In [7], a simplified model of the cooling channel
was developed and employed to determine optimal geo-
metric parameters. During the optimization, the average
temperature, temperature non-uniformity and pressure
drop were minimized simultaneously. Although this ap-
proach allows for a more comprehensive consideration of
the operational aspects of cooling systems, it intro-duces
uncertainties in the selection of the primary determining
parameter.

A novel approach to modeling a cooling system
with spiral channels was proposed in [8]. This method
was applied to optimize the channel parameters, with the
wall temperature serving as the objective function. The
approach is particularly suitable for designing channels
in the critical sections of the chamber, where tempera-
tures are highest. However, for other regions of the en-
gine chamber, where thermal loads are considerably
lower, its application may be excessive and could result
in an unnecessarily high pressure drop in the channels.

In [9], two variants of the objective function were
considered. In the first case, thermal resistance was min-
imized, resulting in a lower wall temperature for a given
pressure drop. A limitation of this approach is the re-
quirement to specify the pressure drop in advance, which
is typically deter-mined during the chamber design pro-
cess. The second objective function minimizes the pres-
sure drop in the channels while ensuring that the wall
temperature remains below the allowable limit. This ap-
proach better reflects the practical considerations en-
countered in engine chamber design. However, minimiz-
ing pressure losses without additional constraints can
lead to a substantial increase in the channels’ flow area

and consequently, to larger chamber dimensions and in-
creased mass, which are undesirable.

A similar limitation is observed in [10], which also
focuses on minimizing pressure losses.

In contrast, [11] considers the engine chamber mass
as the objective function, with the wall temperature
treated as a constraint and is not affected by this draw-
back. However, this approach does not account for
changes in pressure losses as the channels geometry is
varied. As a result, such optimization can lead to an over-
estimation of the required pump pressure and, conse-
quently, a reduction in the overall performance of the en-
gine.

Objectives and tasks

The goal of this work is to develop an algorithm for
optimizing the cooling channels of a liquid-propellant
rocket engine based on a differential model. The pro-
posed algorithm enables the formalization of the cooling
channels design problem, which in turn accelerates the
design process and reduces the likelihood of human error.

To achieve the research goal, the following tasks
were undertaken:

- formulate the optimization problem;

- select appropriate optimization methods and de-
velop the algorithm;

- conduct test calculations.

1. Materials and methods of research

The present study focuses on the thermal and hy-
draulic processes occurring in the cooling channels of lig-
uid-propellant rocket engines. These processes were
modeled using a mathematical model previously devel-
oped by the authors [12]. The model is based on a system
of ordinary differential equations:
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and the corresponding boundary conditions:

P(0)=po; T(0)=To;p(0) =po;
p(0)u(0)f(0)=rn,

where X is the longitudinal coordinate along the channel
axis, with the origin located at the coolant supply point;

p is the coolant density;

f is the channel cross-sectional area;

n is the number of cooling channels;

u is the coolant velocity;

p is the static pressure;

dy is the hydraulic diameter of the channel;

M(dp) is the empirical relationship between the friction
loss coefficient and hydraulic diameter;

IT is the channel perimeter;

c is the heat capacity of the coolant;

T is the coolant temperature;

B is the temperature dependence of the volumetric ex-
pansion coefficient;

d is the Dirac delta function;

q is the specific heat flux. Here u, p, T and p are func-
tions of the x-coordinate.

This mathematical model was used to optimize the
cooling path, whose main geometric dimensions are
shown in Figures 1-2.

As is well known, reducing the flow area of a chan-
nels increases pressure drop, which consequently in-
creases the pump mass. Therefore, the optimization

objective was to minimize the combined mass of the
chamber and the pump component responsible for cool-
ing the chamber.

The pump mass can be determined from parametric
design calculations for the turbopump unit. During pre-
liminary engine design stages, the pump mass can be es-
timated using established empirical relationships derived
from historical data [13]:

0.53
48(P,-10°) ", B, <20-10°;

0.33 @)
95(P,107°) ", P, >20-10°.

In this case, the pump power is given by the follow-
ing expression:

_App
Pp =M——;App = Pch +APcool +APoth — Pin-
NpP

where pen is the chamber pressure;
Apcool 1S the pressure drop in the cooling channels;
Apoth 1S the other pressure drops;
pin is the inlet pressure;
Accordingly, the pump mass can be expressed as a
function of the pressure drop in the cooling system,
which is determined using the differential model:

4]

mp = f (Apcool )

ot

Fig. 1. Main longitudinal dimensions of the

~ N

cooling system

Fig. 2. Key dimensions of the cooling channels in cross-section
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Furthermore, changes in the parameters of the cool-
ing channels also influence the structural strength. There-
fore, the optimization algorithm must account for the
necessary adjustments in wall thickness when modifying
other channels parameters to achieve a minimum mass.
To this end, the wall thickness was expressed as a func-
tion of the cooling system’s geometric and energy param-
eters, based on established relationships from structural
mechanics and the theory of strength of materials [14]. A
cylindrical shell model was employed for this purpose,
with the cooling jacket of the liquid-propellant rocket en-
gine chamber represented as a wall of effective thickness:

Sef =Oinw *+outw +W0s;
_t-a
Y= T
The pressure-induced stresses in the annular and
meridional directions, along with the temperature-in-
duced loads in the annular direction, were included in the

analysis:

ob - Pef Ren of Pef Ren ol —E uAT

8ef 28ef R ch

where pes is the pressure in the cooling channels;
az is the coefficient of thermal expansion of the rib
material;
AT is the temperature difference across the rib;
E is the Young’s modulus.
Equivalent stresses were calculated according to the
fourth theory of strength:

Oeq = \/(G% +GE9)2 —(G% +GE9)GE + (GE)Z .

The wall strength condition was then formulated as:
Oeq <O

The permissible stress values were defined as:

_%02(Tw)

(o]
! ksf

(ks =1.3-1.5),

where g, , is the yield strength;
Tw is the wall temperature;
ks is the safety factor.

The wall thickness was selected to be as small as
possible while satisfying this constraint. Accordingly, the
wall thickness was expressed as a function of the follow-
ing form:

dout.w =f(ta, 8fvh!Rch’pef 1), (3)

The temperatures and pressures used in this rela-
tionship were determined from the differential model de-
scribed earlier.

2. Results and Discussion

2.1. Formulation of the optimization problem

As noted earlier, the system mass (chamber plus
coolant pump) was chosen as the objective function. It is
evident that pressure variations also influence other
system parameters, such as pipeline mass, specific im-
pulse in open-cycle engines and so on. However, due to
the complexity of accurately determining these parame-
ters at the preliminary stage of engine design, they were
not considered in this study. Consequently, the objective
function can be expressed as follows:

m(X)= My (APgool ) + Mgy — min,

where the pump mass can be estimated using the previ-
ously proposed correlation (1, 2) and the chamber mass
is calculated as the sum of the masses of the outer and
inner walls, along with the mass of the ribs:

L

S
Mep = I(Sin.w M +Bjnw (I))dl + I(Sif s)n(s) h(S))dS.
0

0

where nis the number of fins;

To ensure that the wall temperature remains within
acceptable limits, a penalty function was incorporated
into the formulation:

P(X) = max(Tyy — T 0)°

where Tmax is the maximum permissible temperature of
the inner wall material.

Finally, the minimization function can be expressed
as:

F(x) =m(x)+pP(X) — min,

where p is the penalty coefficient, chosen based on the
stability of the calculations and the required strictness of
constraint enforcement.

The vector of unknown parameters in this formula-
tion of the optimization problem is:

X ={a,h, ¢, 804w, 8.0}

However, equality-constraints allow for a reduction
in the problem’s dimensionality. In this formulation, two
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equality-constraints can be identified: the previously
mentioned dependence of the outer wall thickness on the
other fin parameters (3) and the relationship between the
geometric parameters of the channel:

a=f(3t,Ren.n, ),

which, in the case of rectangular channels, takes the
form:

2nR 2nR
a+5; = 5 cog(p) —> a = 2N cos(p) — 5.
n n

Additionally, the problem formulation is supple-
mented by inequality-constraints, which arise from tech-
nological limitations in manufacturing and practical con-
siderations:

¢ =8¢ outw = doutwyy

azan;;h>hy;90° >0>0";n>1.

2.2. Development
of the optimization algorithm

An optimization algorithm was then developed and
implemented for the resulting problem formulation. The
input data for the optimization are the same as those used
in the heat transfer calculations, including the cooling
channels geometry, cooling scheme, properties of the
combustion products, coolant and wall material. In addi-
tion, constraints related to manufacturing technology and
the maximum allowable wall temperature are specified.

Initial data

This temperature depends on the material properties, en-
gine operating conditions and other relevant factors.

The algorithm is based on the previously described
differential model of the cooling channels. The values
obtained from calculations using this model provide all
the parameters required for optimization, including wall
temperatures, variations in the required pump pressure
and others.

Gradient descent was employed as the optimization
method due to its simplicity, low computational cost and
stable performance with sufficiently smooth objective
functions. While evolutionary or stochastic methods
might provide improved results, they require a signifi-
cantly higher number of iterations, rendering their use
impractical. Since gradient descent relies on the calcula-
tion of gradients, the algorithm used a finite-difference
approximation computed from the differential model.
The final version of the algorithm is presented as a
flowchart in Figure 3.

2.3. Performing test simulations

To validate the developed optimization algorithm,
test calculations were performed. The cylindrical section
of the RD-111 engine’s gas generator was chosen as the
object of optimization. Before performing the optimiza-
tion, the heat transfer calculation results obtained from
the differential model were verified to be consistent with
data from the literature [15].

The optimization results yielded the optimal flow
path parameters and the existence of a global minimum
was confirmed (Fig. 4).

Consftraints

Objective function 1) initial channel geomefry

2) Cooling scheme
3] Propellant thermodynamic

Minimize
structural mass

4) Coolant inlet parameters
5) Caolant properties

6] Wall material properties
7) Pump parameters

1) Wall temperature limit
2] Manufacturing limits on geomefry

™\

Calculation of
the required
pump head

Calculation of
pump mass

Compufation of the
objective function

parameters

n

H

Calculation
of wall
fhickness

Calculation of cooling
system mass

Calculation of maximum Calculation of
wall temperature penalty term

Resulfs

Optimal
cooling-channel
geomefry

Numerical
gradient
evaluation

Update of cooling-channel geometry
considering manufacturing
consftraints

H

Fig. 3. Flowchart of the optimization algorithm
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Fig. 4. Variation of the objective function with channel
height for different fin thicknesses

The results shown in the graph confirm that the ge-
ometric parameters obtained during the optimization pro-
cess correspond to a minimal system mass: deviations in
fin height or the number of fins from the optimized values
lead to an increase in system mass. This verification was
performed for all optimization parameters.

The optimization algorithm was subsequently ap-
plied to the middle section of the RD-119 engine cham-
ber [15]. Figure 5 provides a visualization of the conver-
gence of the optimization process.

34.35
A

n 33-85
= System mass reduction
«n after optimization:1.7 kg
g 33.35
E
7]
w
& 32.85

32.35

0 875 1750 2625 3500
Iteration

Fig. 5. Convergence of the optimization process

The calculation results indicate that the system mass
was reduced by 1.7 kg, corresponding to approximately
5% of the total system mass. Moreover, the optimized
channel geometry ensured that the wall temperature re-
mained within the specified range (Fig. 6).

These results confirm the correct operation of the
optimization algorithm.

Conclusions

In this work, an optimization problem for the
cooling channels of a liquid propellant rocket engine was
formulated. The problem formulation includes the

400

300

Tgw, C

200

0.0 0.1 0.2 0.3 0.4 0.5

Fig. 6. Hot-gas side wall temperature

following elements: the objective function minimizes
system mass, the penalty function maintains temperature
within a specified range, the vector of unknown parame-
ters comprises the geometric dimensions of the channels,
inequality-constraints ensure compliance with manufac-
turing requirements and equality-constraints derive from
the physical nature of the problem and enable dimension-
ality reduction.

2. Next, an optimization algorithm was developed
and implemented based on the previously obtained math-
ematical models. Gradient descent was employed as the
optimization method. A penalty function method was
used to maintain wall temperature within the specified
range. Gradients were determined using finite-difference
approximations of the derivatives.

3. Test calculations were then performed. An opti-
mality check was conducted on arbitrary cross-sections,
confirming that the minimization problem had a solution
and that the optimization algorithm functioned correctly.
For the engine chamber, the resulting flow path geometry
was shown to maintain wall temperature within the spec-
ified limits while reducing structural mass by 5% of the
total system mass.

In future work, the optimization problem formula-
tion will be refined, for example, by incorporating
changes in the mass of other engine components, such as
pipelines, or by accounting for variations in specific im-
pulse during channels optimization.
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OIITUMI3ZALIA TPAKTIB OXOJIO/JUKEHHA PIIMHHUX PAKETHUX JIBUI'YHIB
3 BAKOPUCTAHHSAM JIM®EPEHIIAJILHOI MOJIEJII TEILIOIEPEJAUI

B. B. Carocapes

IIpeameTom nociimkeHHs B TaHill poOOTi € Teruohi3udHi MPOIECH B TPAKTaX OXOJIO/DKEHHS PIANHHUX PaKeT-
uux JeuryHiB (PP/]). MeTorw po6oTu € po3pobka airopuTMy ONTHMI3alli TPAKTY OXOJNOMKeHHs. 3amada poOoTH
MOJISITa€ B MTOCTAHOBII 3a/1a4i ONTUMI3allii Ta TMPOBEIACHHI TECTOBUX PO3PaxXyHKIB. PillIeHHS 3a1a4 MpOBOAMIOCS 3a
JIOTIOMOT'0I0 METOAIB TPUKIIaHOI MaTeMaTHKU Ta ONTHMIi3arii. B xoxi BupimeHHs 3a71a4 Oynu OTpUMaHi HaCTYIHI
pe3yanTatu. Ha OCHOBI aHaii3y JiTepaTypu Oyiia MpOBEICHA MOCTAHOBKA 3aadi onTHMi3zarii. B skocTi 1iIboBOT
¢ yHKIIT Oya oOpaHa Maca KOHCTPYKITii. BpaxoByBaJioch, IO 3MiHA TEOMETPHYHHX MAPaMETPIiB TPAKTY OXOJIOKCHHS
TaKOX BiJIOOpa3HUTHCS Ha HEOOX1THOMY HAIIOP1 BiIMOBITHOTO HACOCY 1 SK HACIIJOK Ha HOro Maci. Y 3B’s3KY i3 IIUM B
PpOOOTI B IKOCTI IITBOBOI (PYHKIIIT PO3MIIAIAIACh CyMa Mac: TPAKTY OXOJIOKEHHS Ta HACOCY OXOJIOKYyBaya. 3 IHIIIOro
00Ky B po0OOTi BpaxoByBaJlOCh, 110 MPSIMUM NPU3HAYECHHSIM TPAKTY OXOJIOJPKEHHS € I ATPUMaHHS TeMIIepaTypH CTi-
HKH B JIOITyCTUMUX Mexax. J{i1st rapaHTyBaHHS poOOTO3JaTHOCTI ONTUMAILHOT T€OMETPil TPAKTy OXOJIOKEHHS B TI0-
CTaHOBKY ONTHUMIi3allii 0yJI0 BKIIIOYEHO OOMEXEHHSI, sike OyJ10 peali3oBaHe 3a JIOIOMOI0I0 METOAY IITpadHUX QYHK-
uii. Jami, Ha OCHOBI paHiie po3podieHol nudepeHIiaTbHOI MOIENTi TPAKTyY OXOJODKEHHS OYB pO3pOOJICHHUI alro-
puT™M onrtuMizauii. [3 3acTocyBaHHSIM PO3pOOJIEHOTO ANTOPUTMY OYNIM MPOBEIEHI TECTOBI po3paxyHKu. B skocTi
00’€KTIB TECTOBUX PO3PaXyHKIB Oy pO3TJIsHYTI razoreHepatop aeuryna P/1-111 ta kamepa apuryna P/1-119, nani
Ipo SIKUX OYNM OTpHMaHi 3 JIiTepaTypHUX JoKepel. B pesynbrari po3paxyHKiB Oyia oTprMaHa HOBa, ONTUMajIbHA
TeOMeTpisl TpakTy. Y BUMAJKy ONTHMi3alii TpakTy kamepu nuryHa P/1-119 maca cuctemu npu ipomy Oyria 3HHKEHa
Ha 5%. BucHoBku. HaykoBa HOBH3HA OTPUMAaHUX PE3yJIbTATiB MONATa€ B HACTYIIHOMY: 3aIIPOIIOHOBAHO Ta BepH(i-
KOBaHO HOBHI MMiAXiJ] 10 ONTUMI3allil TpakTiB oxonomkeHHs B PPJ] Ha ocHOBI paHiliie po3po0sieHol aBTopamMu aude-
peHIianbHOol Mojiesi TeriooOMiHy. Po3pobneHuit anroput™ onTuMmiszaiii J103BOIUTH CIIPOCTHTH CTAJII0 MPOEKTY-
BaHHS CUCTEM OXOJIOKEHHS, 1110 TACTh MOYJIUBICTh CKOPOTHTH Ta 3JCIICBUTH porec po3pooku PP/I.

KuiouoBi cjioBa: piqyHHHMN pakeTHH JBUTYH; TPAKT OXOJIOKEHHsI KaMepH JIBUTYHA; MaTeMaTH4Ha MOJEIb
TerIonepeayi; ONTUMI3allis TPaKTy OXOJIODKEHHS; TeOMETPUYHI ITapaMeTpy KaHally; MiHIMI3allis MacH.
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