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Abstract: An essential part of the design of a liquid rocket engine is the thermal analysis of the
thrust chamber, which is a component whose operative life is limited by the maximum allowable
wall temperature and heat flux. A simplified steady-state thermal analysis model for regeneratively
cooled rocket engine thrust chambers is presented. The model is based on semi-empirical correlations
for the hot-gas and coolant convective heat transfer and on an original multi-zone approach for
the wall conduction. The hot-gas heat transfer is calibrated with experimental data taken from an
additively manufactured water-cooled nozzle that is connected to a combustion chamber either fed
with decomposed hydrogen peroxide or decomposed hydrogen peroxide and automotive diesel.
The thrust chamber (i.e., combustion chamber and nozzle) is designed to produce about 450 N of
thrust when operating with a chamber pressure of 11 bar. For this application, the calibrated model
predicts the total wall heat transfer rate very accurately and the temperature distribution within the
wall structure with an uncertainty of a few tens of kelvins. This level of accuracy can be considered
more than adequate for the design, and generally for engineering-type thermal analysis, of similar
thrust chambers.

Keywords: rocket engine thrust chamber; regenerative cooling; cooling channel; hydrogen peroxide;
additive manufacturing; heat transfer modeling; convection; conduction; Nusselt number

1. Introduction

The thrust chamber of a regeneratively cooled rocket engine is a suitable component
where the propellants (i.e., the fuel and the oxidizer) are injected and burned forming a
hot-gas flow that, thanks to the convergent—divergent shape of its inner profile, is ejected
at supersonic velocity to generate the engine thrust. Such a component, which is made
of suitable metal alloys, is composed of a number of cooling channels where one of the
two propellants flows before being injected with the other propellant in the main volume
of the thrust chamber. Figure 1 is a sketch of a cross-section of a regeneratively cooled
thrust chamber, highlighting the tiny dimensions of the cooling channels with respect
to the thrust chamber inner radius r. The cooling channels generally have a rectangular
cross-section of base b and height & and are separated by ribs of width w. The coolant flow
is separated from the hot-gas flow by an inner wall of thickness t and from the external
environment by an outer wall (often referred to as close-out) of thickness d. When the
thrust chamber is realized via conventional manufacturing, the channels are milled from
a forged bulk part and the outer wall, which can be composed of a different material, is
joined afterward. Differently, in cases of additive manufacturing the thrust chamber is
generally manufactured in a single build process and thus it is made of a single material,
although an external high-mechanical-strength material can also be deposited.
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Figure 1. Schematic of a cross-section of a regeneratively cooled thrust chamber. Note that the
cooling-channel dimensions refer to a section that is orthogonal to the coolant flow.

As the structural integrity and the operative life of a liquid rocket engine thrust
chamber is limited by the maximum allowable wall temperature and heat flux, the design
of such a component requires suitable thermal analysis. Nowadays, an accurate multi-
dimensional thermal analysis resulting from the coupled problems of convection from the
hot-gas to the wall, conduction within the wall, and convection from the wall to the coolant,
is still computationally complex and time-consuming even if it is sometimes carried out to
verify the design of a thrust chamber (e.g., [1-4]). Unfortunately, a comprehensive thermal
model cannot be readily used when multiple calculation loops are required, as during the
optimization process typical of the design phase of a regeneratively cooled thrust chamber,
or the analysis of different operative conditions. In such cases, simplified one-dimensional
models, typically relying on semi-empirical correlations for the convective heat transfer,
are widely adopted (e.g., [5-7]). The main drawbacks of the simplified approaches rely
on the generally non-negligible uncertainty of the adopted semi-empirical correlations,
which therefore should be properly calibrated for the specific class of problems under
investigation, and the intimate multidimensional heat conduction within the wall, which
cannot be easily reduced to a one-dimensional approach.

In this study, a simplified steady-state thermal analysis model for regeneratively
cooled rocket engine thrust chambers is presented. This model, relying on semi-empirical
correlations for the hot-gas and coolant convective heat transfer, is characterized by an
original multi-zone discretization for the wall conduction that makes it possible to take
into account the multi-dimensional nature of this problem. Moreover, the hot-gas heat
transfer correlation is finely calibrated with experimental data taken from an additively
manufactured water-cooled nozzle that is connected to a combustion chamber either fed
with decomposed hydrogen peroxide or decomposed hydrogen peroxide and automotive
diesel. The thrust chamber (i.e., combustion chamber and nozzle) is designed to produce
about 450 N of thrust when operating with a chamber pressure of 11 bar. The proposed
thermal analysis model is then used to predict the behavior of the wall heat fluxes and
temperatures within such a nozzle. Finally, the uncertainty of the estimation of these
variables is evaluated by taking into account the non-negligible uncertainty of the coolant
heat transfer.

2. Modeling

A thermal analysis model for regeneratively cooled thrust chambers must take into
account the coupled problems of convection from the hot-gas to the wall, conduction within
the wall, and convection from the wall to the coolant. The proposed approach is based on
one-dimensional flow evolution of the hot-gas and coolant flow relying on semi-empirical
correlations and on a multi-zone model for the heat conduction within the wall. These
models are based on the assumption that both flows and heat transfer are steady-state.
In fact, this is the typical operative condition of regeneratively cooled thrust chambers.
The adopted models are described in what follows.
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2.1. Modeling of the Wall Heat Conduction

For a simplified modeling of the wall heat conduction, the structure can be subdivided
into three regions, as shown in Figure 1: the inner wall, the rib, and the outer wall. The heat
transfer within the rib can be modeled considering that it behaves like a cooling fin, in which
the entering heat flux coming from the inner wall is distributed to the coolant through the
lateral walls and eventually to the outer wall. The simplified schematic of a fin of height £,
width w, and thermal conductivity k that is cooled by a fluid flow of temperature T. and
heat transfer coefficient . is provided in Figure 2.

ql',f
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7
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Figure 2. Schematic of a cooling fin of height & and base w (the third dimension can be considered

S
>

much larger than / and w).

According to the cooling fin theory [8], which is based on a one-dimensional approach,
the steady-state heat flux entering the fin at its base (g, ;) and exiting from its tip (g, ) is
described by:

. cosh (mh)
0ot = = i Gy T = T+ o o = o) @
_ cosh (mh) 1
Tt = Sin () 7 T G Gy (Tt~ Te) &
where m = kT; while T, , and T, ; are the fin temperatures at the base and the tip.

The heat transfer within the inner and outer walls is modeled considering that each
wall is composed of two sub-volumes, one in correspondence with the coolant slot and one
in correspondence with the rib, as shown in Figure 3, which also shows all the relevant
variables. The wall temperature at the hot-gas side is T, j; and T, j,¢, at the rib base it is T,
at the rib tip it is T;, at the inner wall to coolant interface it is T, ;, and at the outer wall
to coolant interface it is T ;. The inner wall sub-volumes have temperature T,; and T, ,
while the outer wall sub-volumes have temperature T;, and T;,. As a first approximation,
the wall temperatures are referred to symmetric positions within the sub-volumes. That is,
referring to Figure 3, t, = t/2,d, = d/2,and |; = I, = (b + w) /2. However, refinements of
the model can be made considering different lengths of t,, d;, [;, and /, depending on the
thermal resistance of the inner and outer wall sub-volumes. Each sub-volume exchanges
heat with adjacent volumes, including the coolant. It is to be noted that the outer wall is
considered adiabatic and thus no heat transfer to the external environment is considered.
Consequently, the outer wall external temperature is equal to T, and T} ,.
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Figure 3. Schematic of a cooling channel with relevant wall temperatures and heat transfer rates (the
symbol Q indicates the heat transfer per unit length of the chamber). Note that the dimensions refer
to a section that is orthogonal to the coolant flow.

According to the proposed modeling, the heat transfer rates per unit length of the
chamber pertaining to the outer wall are:

k
Qr,t = wd*(Tr,t - Tr,o)
r
k
Qrc = dT(Tr,o - Tc,o) (3)
0
k
Qc,t = bZ(Tc,o - Tc,t) = bhc(Tc,t - Tc)
r

Considering that the balance of the heat transfer rates is Qr ¢ = 2Q,c = Q, the heat
flux at the tip of the rib, g,; = Qr:/w, can be computed, if the coolant and the rib tip
temperatures are known, as:

d, wl, wd, w\ !
=H(T,; — T, h H=(2X+2-2 - 4
Pt = BTy —Tc) where (k T 2ak T ok T e @
The outer wall temperatures can be computed with the following sequence:
Hd
Tr,o = Tr,t - Tr(Tr,t - Tc)
Huwl
Teo = Tro— T;(Tr,t - Tc) ®)
Hwd,
Tc,t = Tc,o - W(Tr,t - TC)

Using Equations (1), (2) and (4), the wall temperature and the heat flux at the base of
the rib are:

cosh (mh) — B

Ty c o
and qr,b - km(Tr,b TC) sinh (mh)

- T
Tr,b =T+ <

6
B (6)
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where
H -1
B= [km sinh (mh) + cosh (mh) (7)
The fin heat flux can be rearranged as:
Qrp = 871hC(Tr,b - TC) (8)

where ¢ = \/zgill;c is generally referred to as fin efficiency [8] and n7 = % Note that
7 — 1in the case of narrow and tall fin, i.e.,, b > w.

Since the hot-gas heat transfer is typically expressed using the heat transfer coefficient
hje and the adiabatic wall temperature Ty, the heat transfer rates per unit length of the

chamber pertaining to the inner wall are:

k
Qcng = bhyg (Taw - Tc,hg) = bE(TC,hg - Tc,i)
Quig = whyg (Taw - Tr,hg) - wtkr(Trrhg - T,,i)
Qs = tZ(TC'i —T,:) 9)
Qp = th(Tc,b ) = bm(ﬂ,z’ - Tc,b)
Qrpy = wenhe(Trp—Te) = wt_ktr(Tr,i ~Typ)

Considering that the balance of the heat transfer rates is Q. ;, = 2Qcr + Q. and
Qrng +2Qcr = Qy b, the hot-gas side wall temperatures can be evaluated as:

azds — azde a1de — azaiy
2220 and Ty = (10)

T p—
chg a1as — Axay

a1as — dxay

where the coefficients a7 to a¢ are:

a e + (X %Jritﬁt’hc
1 hg g, e )\ %Jrhc
B 2tt, [ k L
S A VAR
t
_h h
a3 = hhgTaw 1+It<t7'C +h T 17k7c
ﬁ-f—hc ﬁ'f’hc
r r (11)
B 2tt, [ k L
"OT Ta\E T
k Ztty tirt Eﬂhc
a5 = hp+ | —+h _—t 1
> hg tr hg) <WZ1' % + Sﬂhc
t
*—enh enh
u6 — hhgTﬂ'LU 1 + It(_triﬂc +€17th€ 1 _ kL
= +eéenhe =5 *énhe
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The remaining inner wall temperatures can be computed with the following sequence:

hy
— 8
Tc,z' = Tc,hg - m(Taw - Tc,hg)
%Tc,i + hc T:
o = TR
e (12)
hng
L, = Tr,hg - m(Tuw - Tr,hg)
%Tm‘ +enh.T,
Tp = — %
—F + Sﬂhc

The unknown 10 temperatures and 8 heat transfer rates, that are shown in Figure 3,
can be solved with the equations described above. The input data are the geometry of the
cooling channel, the thermal conductivity of the material, and the hot-gas and the coolant
heat transfer coefficients (hg and h,, respectively) and reference temperatures (T, and T,
respectively). The equations shown are valid in cases of cooling channels made with a
single material with a unique value k of thermal conductivity. Nevertheless, the described
solution procedure can be easily extended to the case with different values of the thermal
conductivity between the inner wall, the fin, and the outer wall. Such extension of the
formulation would be representative of either a thrust chamber made of different materials
or a chamber made of a single material but with thermal conductivity variable from zone
to zone as a consequence of a thermal conductivity that varies with temperature.

2.2. Modeling of the Hot-Gas Heat Transfer

The hot-gas convective heat transfer coefficient at a generic axial abscissa of the thrust
chamber is modeled using the generic Nusselt number correlation for turbulent flow [9]:

Nu = CRe%8pr04 (13)

where the coefficient C will be calibrated using the experimental data (Section 3). The Nus-
selt, Reynolds, and Prandtl non-dimensional numbers are defined as, respectively:

Nu— "D g CGD o (14)

k 1 k
where D is the thrust chamber local diameter and G = % is the mass flux (i.e., the mass
flow rate per unit cross-section area of the thrust chamber). Moreover, the hot-gas thermal
conductivity k, dynamic viscosity u, and specific heat at constant pressure c;, are the
bulk flow properties [9]. These properties are computed considering a one-dimensional
expansion in chemical equilibrium from the inlet section, assumed to be of infinite area,
up to the throat and in frozen chemical composition from the throat up to the exit section.
The inlet section temperature and chemical composition are computed from the known
values of combustion pressure py and propellant mass mixture ratio o/ f, and considering
a proper value of the propellant inlet enthalpy such to match the experimental value
of the characteristic velocity c*. The hot-gas expansion as well as the inlet conditions
and the characteristic velocity ¢* are computed using the NASA-CEA software [10,11].
The adiabatic wall temperature T, at a generic axial abscissa of the thrust chamber is
estimated using the formula:

Tow = T+ Pr'/3(Ty — T) (15)

where T is the local hot-gas temperature evaluated considering the one-dimensional expansion
described above and Tj is the combustion temperature, that is, the inlet section temperature.
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2.3. Modeling of the Coolant Heat Transfer

The coolant convective heat transfer at a cooling channel section is modeled using the
following correlation for turbulent flow in channels [12]:

(%) RePr

Nu = 02
1+ \/% 5.19 <Re\/§ Dﬂh> Pro44 _ 8.48]

where the non-dimensional Nusselt, Reynolds, and Prandtl numbers are formally defined
as Equation (14) but all the properties, including the heat transfer coefficient, are relevant
to the coolant flow. Moreover, because the cross-section of the cooling channels is not
circular, the hydraulic diameter D, is considered as the characteristic length instead of the
diameter as in the case of the hot-gas heat transfer. In Equation (16), ¢ is the channel surface
equivalent sand-grain roughness and f is the friction factor, which is estimated solving the

following formula:
1 € 2.51
— =21 —_—t—— 17
\/]7 Oglo<3-7Dh + Reﬂ) (17)

The coolant flow properties along the cooling channels are computed considering a
one-dimensional flow with friction loss and entering heat transfer. The physical characteri-
zation (i.e., the equation of state, as well as ¢, y, and k) of the coolant, which is water in
the present study, is taken from the NIST database [13].

(16)

3. Results

The thermal analysis model described in Section 2 is used to reproduce the experimen-
tal data of a relatively small regeneratively cooled rocket nozzle tested at the University of
Padova, Italy. The experimental activity is extensively described in [14,15]. For this reason,
here, only the apparatuses and tests that are used for comparison with numerical data are
briefly described.

3.1. Regeneratively Cooled Nozzle Description

The nozzle is made of the nickel-based alloy Inconel® 718, which is processed via laser
powder-bed fusion additive manufacturing. Such a manufacturing process permits one to
realize in a single component the nozzle with integrated inlet and outlet manifolds and
feeding lines of the coolant, as well as the mechanical flange for the bolted connection with
the combustion chamber. The realized nozzle is shown in Figure 4. It is to be noted that the
exposed nozzle surfaces and the feeding line inner surfaces are polished. The major effect
of such polishing is the reduction of the surface roughness at the hot-gas side. On the other
hand, the roughness of the internal surfaces of the inlet and outlet manifolds and the cooling
channels is that typical of the laser powder-bed fusion additive manufacturing process.
Cold flow tests of the cooling system, involving flowing ambient temperature water with
different mass flow rates, indicate that the average equivalent sand grain roughness in the
cooling channels is about 20 pm.

The nozzle is designed in order to produce about 450 N of thrust when coupled
with a combustion chamber operating at a pressure of 11 bar and fed with hydrogen
peroxide (having a purity of 91.5% in weight) and automotive diesel with an oxidizer-to-
fuel mass mixture ratio of 6.5. The axial length of the nozzle is 50 mm and the main hot-gas
side geometrical parameters are: a throat diameter D; equal to = 16.57 mm, a subsonic
contraction area ratio of 10.77, and a supersonic expansion area ratio of 2.38. The inner
wall thickness t is equal to 0.8 mm while the outer wall thickness 4 is equal to 0.95 mm.
The variation of the geometric parameters r, b, h, w, t, and d along the nozzle axis is shown
in Figure 5. The number of cooling channels is 41.
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Figure 4. The regeneratively cooled nozzle with integrated mechanical flange to the combustion
chamber and inlet and outlet coolant manifolds with associated feeding lines. The nozzle is made in
Inconel® 718 via the laser powder-bed fusion additive manufacturing process.
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Figure 5. Geometric parameters of the cooling channels along the nozzle axis: nozzle radius r, channel
base b, channel height £, rib thickness w, inner wall thickness ¢, and outer wall thickness d. The throat
is located at x = 0. The hot-gas flows from left to right.

3.2. Experimental Tests

The nozzle is connected to a cylindrical combustion chamber where the hot-gas is
produced. Depending on the combustion chamber set-up, whose detailed description can
be found in [15], the hot-gas flow can be either decomposed hydrogen peroxide or the
combustion products of a mixture of decomposed hydrogen peroxide and automotive
diesel. In any case, hydrogen peroxide purity is 91.5% in weight. In the first case, which can
be referred to as mono-propellant configuration, the fuel is not injected and the hydrogen
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peroxide is decomposed within a suitable catalytic bed reactor that feeds the combustion
chamber injection system. In the second case, which can be referred to as bi-propellant
configuration, the hydrogen peroxide is decomposed and injected into the combustion
chamber as in the previous case, but the suitably atomized liquid fuel is also added. This
is done in order to improve the temperature of the hot-gas by virtue of the combustion
between the injected propellants. Moreover, in case of bi-propellant configuration the
decomposed hydrogen peroxide can be injected either axially or in a swirled mode. Note
that although the mono-propellant configuration has also been tested with swirled oxidizer
injection, the flow in the nozzle throat was found to be severely blocked due to the proximity
of the swirled injector to the nozzle inlet. For this reason, such cases are not considered in
this study. The adopted fluid flowing within the cooling system is pressurized distilled
water, which is at ambient temperature at the entrance. The coolant flows in counter-flow
configuration, that is, in the opposite direction of the hot-gas flow. A photo of a hot-fire test
of the bi-propellant configuration with swirled oxidizer injection is shown in Figure 6.

Figure 6. Photo of the hot-fire test 57 (bi-propellant configuration with swirled oxidizer injection).

Measured variables that are useful for the present study are the mass flow rate of
the propellants and the coolant, the combustion chamber pressure, and the pressure and
temperature at the manifolds of the cooling system. The measured experimental data
taken during steady-state operation are displayed in Table 1. The reported data include
the mass flow rate of the hydrogen peroxide (ri1,x), the automotive diesel (ri5,), and water
(r1c001), the combustion chamber pressure (pg), the coolant pressure drop (Ap.,.) and
temperature gain (AT,,,), and the combustion efficiency (.+). The combustion efficiency

is evaluated as 77+ = %} where A; is the nozzle throat area, 1 is the propellant mass

flow rate (11 = titgy + 1 f;) and c; is the ideal characteristic velocity, which is computed
considering a one-dimensional isentropic expansion through the thrust chamber of the
hot-gas in chemical equilibrium and considering propellants injected at their actual inlet
temperature [10,11].

Table 1. Experimental tests results.

Test . . Oxidizer Moy  MWfy  MWegol Po Apcooi  ATcoor

., Configuration L kion  (g/s) (gfs) (g/s) (bar) (ba) (K ¢
47  mono-propellant axial 126 0 134 5.27 4.86 108  0.94
48  mono-propellant axial 127 0 208 5.28 11.56 776 094
49 mono-propellant axial 145 0 145 6.05 5.73 1091 095
50  mono-propellant axial 145 0 213 6.12 1290 816  0.96
55 bi-propellant axial 130 193 227 958  13.79 150  0.87
56 bi-propellant axial 130 193 139 9.61 5.01 2497 087
57 bi-propellant swirl 130 19.7 224 11.0 1373 2481 0.99

58 bi-propellant axial 130 19.5 137 9.71 5.09 2543 0.88
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The results of Table 1 show that a nearly ideal decomposition of hydrogen peroxide is
achieved in cases of mono-propellant configuration, as #.+ is well over 0.9. On the other
hand, the cases with bi-propellant configuration and axial injection result in less complete
combustion, as .+ is below 0.9. This is due to unsuitable mixing of the fuel and oxidizer.
This was confirmed by a little presence of soot on the nozzle surface, which was removed
before each new test by a suitable cleaning treatment. Poor propellant mixing is definitively
solved by swirling the oxidizer injection (combustion efficiency of test case 57 is practically
ideal). However, since the swirl injector has been damaged, this solution seems to be not
feasible. In particular, the visual inspection at the end of test 57 suggested that the cause of
the damage is related to the adhesion of the flame to the swirl injector which behaves as a
flame holder.

3.3. Calibration of the Heat Transfer Model

The thermal analysis model described in Section 2 is used to reproduce the test cases
reported in Table 1. In particular, the coefficient C of the hot-gas heat transfer correlation (13)
is calibrated for each test case in order to match the experimental coolant temperature gain
AT,po;. This calibration, because AT, is an indirect measure of the heat absorbed by the
cooling system, ensures that the proposed heat transfer model correctly estimates the total
wall heat transfer rate. The correlated coefficient C is shown in Table 2.

Table 2. Calibration of the hot-gas heat transfer correlation Nu = CRe%8Pr04.

Test ID Configuration Oxidizer Injection c
47 mono-propellant axial 0.0794
48 mono-propellant axial 0.0919
49 mono-propellant axial 0.0803
50 mono-propellant axial 0.0844
55 bi-propellant axial 0.0295
56 bi-propellant axial 0.0301
57 bi-propellant swirl 0.0294
58 bi-propellant axial 0.0293

The results of Table 2 are quite consistent, especially in the case of bi-propellant
configuration. In particular, the coefficient C ranges from about 0.079 to about 0.092 in
cases of mono-propellant configuration and from about 0.029 to about 0.030 in cases of
bi-propellant configuration. With respect to the average value, in cases of mono-propellant
configuration the scattering of the coefficient C is within 9%, while it is less than 2% in
cases of bi-propellant configuration. Consequently, considering the average value of the
coefficient C, in cases of mono-propellant configuration a reliable hot-gas heat transfer
correlation is:

Nu = 0.0840Re"8pr04 (mono-propellant) (18)

and in cases of bi-propellant configuration a reliable hot-gas heat transfer correlation is:
Nu = 0.0296Re*®Pr%4  (bi-propellant) (19)

The robustness of the correlation for the bi-propellant case is noteworthy since it is
not affected by the high variability of combustion efficiency related to the different modes
of oxidizer injection (axial or swirl). Moreover, the hot-gas correlation (19) is very similar
to that found in [9] using more than 100 heat transfer data measured in the throat section
of different thrust chambers fed with oxygen and various types of hydrocarbons (mainly,
kerosene and methane). In that case, the coefficient C is equal to 0.0310, which is less than
5% higher than in correlation (19). The difference may be attributable to the different nature
of the oxidizer, which is hydrogen peroxide in the present study.

Concerning the relatively high value of the coefficient C in cases of mono-propellant
configuration, which is more than three times larger than what found in the literature [9],
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this can be attributed to different heat transfer mechanisms than pure turbulent convection,
as supposed in Section 2.2. In fact, the wall temperature in cases of mono-propellant
configuration is so low that water, the main product of hydrogen peroxide decomposition,
undergoes a phase change, from vapor away from the wall to liquid in contact with the
wall. This phase change is an exothermic phenomenon that contributes to increasing the
heat transfer rate at the wall. Consequently, when using a formulation such as (13) for the
hot-gas heat transfer correlation, the coefficient C increases because it takes into account
both the convection and the phase change.

Apart from the phase change occurring in cases of mono-propellant configuration and
not occurring in cases of bi-propellant configuration, a sensitivity study on the coolant heat
transfer has been performed in order to better confirm the validity of the achieved results.
In fact, the coolant correlation (16) may be affected by a certain uncertainty. To take into
account such possible uncertainty, the coolant heat transfer was fictitiously varied from
—50% to +50% with respect to correlation (16). The results showed that in any case the
calibrated coefficient C of the hot-gas correlation (13) varies by less than 3% in cases of
mono-propellant configuration and by less than 2% in cases of bi-propellant configuration.
The virtually negligible dependence of hot-gas heat transfer on coolant heat transfer is
due to the relatively high thermal resistance offered by the nozzle material, which is the
nickel-based alloy Inconel® 718. In other words, the efficiency of the coolant heat transfer
is overset by the thermal resistance of the wall. It is expected that if a copper-based alloy,
which has up to 30 times more thermal conductivity than a nickel-based alloy, had been
used, this effect would not have occurred. In any case, it is not true that in the case of
nickel-based alloy there is no effect of coolant heat transfer. In fact, as will be shown in
the next Section 3.4, while the heat flux is practically unaffected by coolant heat transfer,
the same is not true for the wall temperature.

Finally, using the physical formulation adopted in [15] and not reported in Section 2
for simplicity, the effect of the hot-gas radiation on the calibration of the coefficient C was
studied. The results showed that the effect of radiation is completely negligible. In fact,
the calibrated coefficients C reported in Table 2 are virtually unchanged whether or not
radiation is taken into account. This is essentially related to the non-excessive combustion
temperature, which is about 1000 K in the mono-propellant case and about 2500 K in
the bi-propellant case. Obviously, the effect of radiation would be less negligible if more
energetic propellants (such as hydrogen-oxygen or methane-oxygen) were used, which can
generate a combustion temperature of the order of 3500 K, or propellants that generate a
relevant amount of carbonaceous soot under some specific operative conditions (such as
oxygen-kerosene) were used.

3.4. Calculation of the Wall Temperature and Heat Flux

To demonstrate the capability of the heat transfer model described in Section 2, the nu-
merical results pertinent to test case 57 (Table 1) are presented. This test case, which is
characterized by bi-propellant feeding with swirled oxidizer injection, is selected as it is
the most thermally solicited of the whole experimental test campaign. This is the natural
consequence of the higher hot-gas temperature resulting from the higher combustion effi-
ciency #.+ when employing oxidizer swirl injection than when using oxidizer axial injection
(Table 1). The hot-gas heat transfer is evaluated with the calibrated correlation (19). Using
the symbology adopted in Figure 3, Figure 7 shows the hot-gas side heat fluxes, g, s, and
Drhgs and the heat fluxes in the outer wall, g, and g, ;. The results show that, as expected,
the peak heat flux at the hot-gas side occur near the throat. This value is about 11 MW /m?.
The minimum value is about 2 MW /m?, which is attained at the inlet of the convergent
(x = —32 mm). On the other hand, the outer wall is nearly adiabatic as the associated
heat fluxes (4. and gy,) are always well below 0.2 MW /m?. Figure 7 also shows that
the heat fluxes in correspondence with the cooling channels are almost equal to those in
correspondence with the rib; that is, qc g ~ qyng and qct ~ gr+. This means that the heat
flux is quite evenly distributed along the cross-section.
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Figure 7. Prediction of the wall heat fluxes along the nozzle axis for test case 57.

The estimation of the wall temperatures of test case 57 is shown in Figure 8. Differently
from the heat fluxes, the wall temperatures in correspondence with the cooling channels
(i.e., Tc,hg/ T.y, and T, that are in blue in Figure 8) are lower than the wall temperatures
in correspondence with the ribs (i.e., T, ¢, T}, 5, and Ty, that are in red in Figure 8). This
is an effect of the better cooling effect of the water flowing in the channels with respect to
the rib. At the hot-gas side, the difference among T, o and T, ¢ is below 20 K, while in
correspondence with the cooling channel base the difference among T, , and T, is below
45 K. Figure 8 also highlights that the greater part of the wall temperature gradient is
located in the inner wall. For instance, close to the throat, where the wall temperature at
the hot-gas side reaches the maximum value of about 835 K, a wall temperature difference
T g — Tep of 480 K occurs within a thickness ¢ of 0.8 mm as a result of an entering heat
flux of about 11 MW /m? (Figure 7).

As anticipated in Section 3.3, the effect of the uncertainty of the coolant heat transfer
is almost irrelevant for the evaluation of the heat fluxes shown in Figure 7 as a result of
the relatively high thermal resistance of the adopted material. On the other hand, the un-
certainty of the coolant heat transfer has a more marked effect on the wall temperature.
This is shown in Figure 9, where the wall temperatures in correspondence with the rib,
that is, Ty pgr T and T, are evaluated considering also an uncertainty of the coolant heat
transfer correlation (16) of £50%. It is worth noting that such an uncertainty is rather high
as semi-empirical correlations are seldom affected by an uncertainty larger than £30%.
Figure 9 shows that the hot-gas side temperature T, , increases by about 25 K when the
coolant heat transfer is decreased by 50% and decreases by about 10 K when the coolant
heat transfer is increased by 50%. The total uncertainty of T, . is thus 35 K. This uncer-
tainty of the hot-gas side wall temperature estimation is quite low considering the high
uncertainty assumed for the coolant heat transfer. Consequently, the proposed approach,
at least for the analyzed nozzle, can be considered fairly reliable for predicting the thermal
behavior. Figure 9 shows also that the wall temperature uncertainty increases to 60 K in
correspondence with the base of the channel (T, ;) and is up to 30 K in the closeout (T} ).
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Figure 8. Prediction of the wall temperatures along the nozzle axis for test case 57.
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Figure 9. Prediction of the wall temperatures along the nozzle axis for test case 57 considering an
uncertainty of the coolant heat transfer correlation (16) of £50%.

4. Conclusions

In this study, a simplified steady-state thermal analysis model for regeneratively
cooled rocket engine thrust chambers is presented. This model, relying on semi-empirical
models for the hot-gas and coolant convective heat transfer, is characterized by an original
multi-zone discretization for the wall conduction that makes it possible to take into account
the multi-dimensional nature of this problem. In particular, considering both radial and
circular heat conduction within the wall permits one to estimate the different temperatures
in correspondence with the cooling channels and the ribs. The proposed model has been
used to reproduce the experimental data taken from an additively manufactured water-
cooled nozzle that is connected to a combustion chamber either fed with decomposed
hydrogen peroxide (mono-propellant configuration) or decomposed hydrogen peroxide
and automotive diesel (bi-propellant configuration). The thrust chamber (i.e., combustion
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chamber and nozzle) is designed to produce about 450 N when operating with a chamber
pressure of 11 bar. The hot-gas heat transfer has been calibrated with respect to the total heat
transfer rate entering the coolant water. Because of the very possible condensation at the
wall of the decomposition products in cases of mono-propellant configurations, two distinct
hot-gas heat transfer correlations have been found for the two configurations. In any case,
thanks to the relatively low thermal conductivity of the nickel-based alloy adopted for the
nozzle, the selected correlations permit one to predict total wall heat transfer rate very
accurately. This does not guarantee that the wall heat flux, which is a local quantity that
varies along the nozzle length, is reproduced with equal accuracy as the total wall heat
transfer rate. However, the heat flux distribution is typically fairly well reproduced by
the adopted correlation for turbulent hot-gas flow, which is characterized by a Nusselt
number proportional to the Reynolds number to a power of 0.8. The coolant heat transfer,
on the other hand, cannot be calibrated with the adopted experimental apparatus. Hence,
the effect of the uncertainty of the adopted coolant heat transfer correlation was evaluated
considering its possible deviation of 50%. The resulting wall temperature is predicted
with an uncertainty of a few tens of kelvins. This level of accuracy can be considered more
than suitable for the design and thermal analysis of similar thrust chambers.
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