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Controlling the nozzle wall temperature using regenerative cooling is a highly effective
approach in liquid rocket engines. The selection of coolant is critical to determining the
cooling system's thermal performance. In this study, the transient and steady-state heat
transfer characteristics of a regenerative cooling channel are numerically investigated using
two benchmark coolants, water and Ethyl-alcohol, under different coolant mass flow rates. A
two-dimensional axisymmetric conjugate heat transfer model is employed, in which the
thrust chamber, cooling channel, and solid walls are fully coupled. For both coolants, the
maximum gas-side wall temperature occurs upstream of the nozzle throat, and increasing the
coolant mass flow rate significantly reduces both gas-side and coolant-side wall temperatures
throughout the thrust chamber. Specifically, for water, the maximum wall temperature
decreases from 657 K to 541 K as the mass flow rate increases from 0.5 to 1.5 kg/s, whereas
for Ethyl-alcohol, it decreases from 957 K to 693 K. The time required to reach steady-state
conditions for Ethyl-alcohol is approximately 1.8 times longer than that of water, while
reducing the coolant mass flow rate from 1.0 to 0.5 kg/s nearly doubles the steady-state time.
Moreover, the coolant mass flow rate strongly influences the peak heat flux and convective
heat transfer coefficient upstream of the throat. Increasing the mass flow rate enhances heat
transfer, so that at 1.5 kg/s the maximum heat flux is 21.0 MW/m? for water and 19.7 MW /m?
for Ethyl-alcohol. Correspondingly, the convective heat transfer coefficient attains a peak
value of approximately 7.8 kW/m?-K near the throat and increases with increasing coolant
mass flow rate. The results provide quantitative insights into transient thermal behavior and
heat transfer mechanisms in regenerative cooling channels, offering helpful guidance for the
thermal design and optimization of rocket engine thrust chambers.
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1. Introduction

Accurate prediction of heat transfer
characteristics is essential in the design of liquid-
propellant rocket engines, particularly to ensure
structural integrity, reusability, and long-term
performance. The large temperature gradient
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between the high-temperature combustion gases
and the nozzle wall generates intense heat fluxes,
leading to elevated wall temperatures.
Consequently, effective thermal management
strategies are required to prevent material
failure and extend the operational lifetime of the
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thrust chamber. Among various thermal
management techniques, regenerative cooling is
widely recognized as one of the most effective
approaches for high-pressure and high-
temperature rocket engines. In this method, the
propellant is circulated through cooling channels
embedded in the chamber wall before entering
the injector, thereby absorbing heat from the hot
gas while simultaneously preheating the
propellant. The selection of coolant and the
cooling channel geometry are the most crucial
parameters in achieving an optimal cooling
strategy for liquid rocket engines. However, the
design process requires balancing competing
factors, including thrust chamber mass, thermal
and mechanical loads resistance, and the power
needed to circulate the coolant.

The thermal performance of regenerative
cooling systems is strongly dependent on coolant
properties and cooling channel geometry.
Previous studies have investigated a wide range
of coolants, including kerosene, cryogenic
hydrogen and oxygen, liquid methane and
nitrogen, supercritical CO2, and hydrogen
peroxide [1-4]. These investigations primarily
focused on steady-state behavior, channel
geometry optimization, and enhancement
techniques such as ribbed or spiral channels.
Heldens et al. [5] took initial steps to address the
limited availability of data in the literature
concerning the thermophysical properties of
methane, specifically, high inlet temperatures
and one-sided heat loads. The operating
conditions involve mass flow rates, pressure, and
inlet temperature of 15 g/s, 3 MPa, and 400 K,
respectively. The one-sided heating significantly
alters the flow field development. This
phenomenon raises the heat transfer coefficient
toward the cooling channel downstream. Kim et
al. [6] presented an effective conjugate heat
transfer and hydraulic model for kerosene in
designing a regenerative cooling system. This
model can incorporate key regenerative cooling
parameters, such as channel geometry variations
along the thrust chamber wall. It also reproduces
the empirical relationship of coolant temperature
increase and pressure loss on the mixture ratio.
To enhance the thermal performance,
Shanmugam et al. [7] investigated the influence
of arc-shaped ribs on the heat transfer
characteristics of a regenerative cooling channel
employing supercritical hydrogen. The results
indicated that the introduction of ribs markedly
improved the coolant’s heat capacity near the
wall and effectively eliminated the peak wall
temperature. Nasser et al. [8] have studied the
thermophysical properties of LNG and
determined the roughness characteristics needed
to enhance cooling performance while
maintaining an appropriate pressure drop.
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According to the results, the critical pressure is
highly susceptible to hydrocarbon compounds. In
critical transient processes and hydrocarbon
compounds, different configurations of wall
surface  roughness affect the cooling
characteristics and pressure drop. Engblom et al.
[9] introduced a solver for modeling a cooling
channel with water coolant and two-phase, low-
velocity, and turbulent conditions. They
concluded that this model, with high accuracy,
could be utilized for predicting heat load in high-
speed water-cooled flows.

Cooling channel geometry is another critical
parameter in the optimal performance of a
regenerative cooling system. The improved
performance of the regenerative cooling channel
is attributed to changes in aspect ratio, spiraling
the channel along the thrust chamber, and
placing various ribs with different arrangements
[10-13]. Zhou et al. [14] investigated the
influence of channel parameters and hydrogen
peroxide coolant on regenerative cooling
embedded in the thrust chamber. Reducing the
inner wall thickness results in an increases the
coolant outlet temperature and decrease in wall
temperature. Moreover, increasing the height
increases the internal wall temperature, slightly
decreases the coolant temperature, and reduces
the coolant pressure. Furthermore, increasing
the width decreases the overall wall temperature.
Junjie et al. [15] developed a model to assess the
heat transfer parameters of a thrust chamber
equipped with regenerative cooling spiral
channels. The outcomes show that under the
identical boundary conditions and channel
geometry, the spiral channel significantly
reduces the maximum inner wall temperature
compared to that of the straight channel. Zhang et
al. [16] proposed a novel ribbed channel
structure to improve the heat dissipation
capacity of cooling channels. Their results
demonstrated that V-shaped ribs intensify
secondary flow disturbances, thereby increasing
heat transfer within the channels and ultimately
reducing the wall temperature.

Furthermore, despite extensive research on
regenerative cooling, detailed comparative
studies addressing transient heat transfer
behavior, the direct calculation of convective heat
transfer coefficients, and the influence of coolant
mass flow rate using benchmark fluids remain
limited. In particular, transient thermal
responses during engine start-up have received
significantly less attention, despite their critical
importance for structural safety. To address
these gaps, the present study employs water and
Ethyl-alcohol as benchmark cooling fluids to
investigate heat transfer mechanisms in a
regenerative cooling channel systematically.
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Although these fluids are not representative of
actual rocket propellants, their well-
characterized thermophysical properties enable
a precise and controlled assessment of transient
and steady-state heat transfer behavior. The
insights obtained from this comparative analysis
provide transferable knowledge that supports
the understanding of regenerative cooling
physics and informs the selection and
optimization of practical propellant-coolants in
real rocket engine applications.

2. Methodology
2.1.Geometry and Boundary Conditions

In regenerative cooling, coolant is injected
with a specific mass flow rate from the nozzle end
into the cooling channel, flowing in the opposite
direction to the hot gas stream. In this study, the
thrust chamber profile and the geometry of the
Marchi cooling channel are used [17]. Fig. 1
shows a schematic of the thrust chamber, and
Table 1 provides their geometric specifications.

Table 1. Geometric of the thrust chamber and cooling channel, and characteristics of the hot gas flow and coolant

Thrust chamber and I'ch (m) I'th (m) € Lch (m) Lno (m) Z [mm) t (mm]
cooling channel 03 0.1 9 0.1 0.4 5 2

Hot gas Tin (K) Pin(bar)  Tex(K)  Pex(bar)  Cp(kJ/kgK) A (W/mK) i (kg/m.s)
flow 3424 20 1900 0.34 3.242 polynomial  sutherland
Coolant per m (kg/s)  Tin (K)

channel 05-15 300

The variations in nozzle radius along the
chamber length are calculated as follows:

r=rth+%{l+cos{27r%ﬂ x>Ly) (1)

The thrust chamber's inner wall is made of
copper with A=387.6 W/m.K and C,=381 J/kg.K.
It has high thermal conductivity and effectively
dissipates heat. This prevents the formation of
localized hot spots and promotes an uniform
temperature distribution along the inner wall.
[7]- Two cooling fluids, water and Ethyl-alcohol
(C2HsOH), are selected for regenerative cooling.
The characteristics of the hot gas and the coolant
are presented in Table 1.

Coolant

X Coolant
exit inlet
r T
i
1
- Hotgas 1
[ — 1
- — |
—p 1
' !
1
X : Central axis
T P
th Lno

Fig. 1. Schematic of thrust chamber

2.2. Numerical Simulation and Validation

Generally, heat transfer in a combustion
chamber employing regenerative cooling
involves convective heat transfer between the
hot gas and the inner wall, as well as between the
coolant and the outer wall. This study considers
the heat transfer model between the coolant and

209

the nozzle wall, which is coupled [18]. The
present modeling is axisymmetric, and the
changes in cooling channel parameters are
investigated along the horizontal axis of the
thrust chamber. The calculation domain consists
of two parts: the thrust chamber and the cooling
channel, each meshed independently. Fig. 2
illustrates the structured grid of the solution
domain. As can be seen, the mesh is denser near
the wall and the cooling channel. To accurately
resolve the thin boundary layers, the first grid
height is selected to keep the dimensionless wall
distance (y*) within the range 1 to 4.

Coolant
exit

Hot gas
inlet

§— _—

NN

§

Fig. 2. Numerical domain grid
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The software ANSYS Fluent 2022 R2 has been
used to solve the conservation equations. The
ideal gas equation of state and the incompressible
liquid model are utilized for the hot gas and the
coolant, respectively. Also, the Polynomial and
Sutherland models are selected for the hot gas's
thermal conductivity and viscosity, respectively.
The ideal gas equation of state and conservation
equations for energy, momentum, and mass are
defined as follows [4]:

6p 0

=0
oo ) 2)
g(pU)+i(pu )—_24_% 3)
ot ox X, OX

ou; ou; 2au,
T. = — K5

(u+ M)(ax Jraxi 30X, "J S

i( E)+i(uv( EJrP)):i A+ "‘u‘ or i (zy) |+, (5
a P o, ilp 6‘Xj 5x i Fij )y h( )
P =pRT (6)

Considering the velocity components are zero
in the solid region, the energy equation is used as
follows:

gwwaj[ (pPH)]= ][ﬂsﬂw ()

In the present study, the SST k-w turbulence
model is employed according to the following
equations. This model has higher accuracy in
solving the turbulent kinetic energy values near
the walls. It also has strong performance in
capturing turbulence with low Reynolds number
in heat and mass transfer processes near the
walls with variations in the thermophysical
properties of the flow [19, 20].

—(pk)+—(pu k)=— [F sk}+G Y, (8)

0 0 0
S (P >—a{ ax“’}e Y, 4D, (9)

J

where I'v and Ik are the diffusivity of w and k, Gw
and Gy are the generation of w and k, and Y and
Yk are the turbulence production due to diffusion.
The boundary conditions for the inlet and outlet
of the cooling channel are set as the mass-flow-
inlet and out-flow, respectively. Moreover, the
boundary conditions for the inlet and outlet of the
thrust chamber are set as the pressure-inlet and
pressure-outlet, respectively. Considering the
incompressibility of the coolant and hot gas flow,
a pressure-based model is used in the solver
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section. Also, a SIMPLEC approach is selected for
velocity-pressure coupling. The convective term
and viscous term are evaluated by the second-
order upwind and central differencing,
respectively. Solution convergence is evaluated
using a residual criterion of 10-.

The following correlation is adopted to
predict the Nusselt number with turbulent flow
on thermal systems including cooling channels, in
which all fluid physical properties are estimated
at the mean bulk temperature [7]. This
correlation is valid for the ranges 2300 <Re <107
and 0.5 < Pr < 120.

GD
Re= yh (10)

Cc
pr=£ — (1)
Nu =0.023Re"* Pr* (12)

where Re and Pr are Reynolds and Prandtl
number. Also, G is the mass flow rate per unit
cross-sectional area, Dn is the hyadraulic
diameter, x is the viscosity, A is the thermal
conductivity, and Cp is the specific heat capacity
of coolant.

In regenerative cooling studies for liquid
rocket engines, the Bartz correlation calculates
the convective heat transfer coefficient, requiring
specific assumptions and approximations [21,
22]. However, the convective heat transfer
coefficient between the hot gas and the gas-side
wall is calculated directly using the heat flux and
temperature difference as [12, 23]:

q
h=e— 1
(Twg —Tog )

where q is the heat flux, Twy is the gas-side wall
temperature, and Thg is the bulk gas temperature.
The Tpy is defined as the mass-averaged
temperature across each axial cross-section of
the thrust chamber and is directly extracted from
the numerical solution. An adiabatic condition is
imposed on the outer wall of the cooling channel.

(13)

To examine the grid independence of the
numerical results, the pressure distribution along
the central axis of the thrust chamber is evaluated
using different grid resolutions. Fig. 3 presents
the pressure variation along the central axis as a
function of the chamber length. Based on these
results, a grid containing 11025 cells is selected
for the final simulations. The results obtained
from modeling the behavior of hot gas in the
isentropic state have been validated with the
research of [24]. Fig. 4 compares the static
pressure at the upper wall, showing a 7% RMSE
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(Root Mean Square Error) between the

experimental data and the numerical results.
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Fig. 3. Pressure distribution along the central axis
of the thrust chamber for different grids
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Fig. 4. Comparison of experimental data
and modeling results

3. Results and Discussion

In this section, the Mach number and
temperature of the hot gas flow are assessed
under steady-state conditions. Then, the heat
transfer characteristics of the regenerative
cooling channel along the thrust chamber,
including Twg, Twe, Tcooa and heat flux are
presented for different coolant mass flow rate in
a steady-state condition. Additionally, the study
investigates the transient thermal response of the
thrust chamber wall for different coolant mass
flow rate. Moreover, a primary objective of the
study is to directly measure the convective heat
transfer coefficient in the engine. By calculating
the convective heat transfer coefficient, practical
suggestions can be made for the design and
optimization of the nozzle wall and cooling
channel, as well as for extending the nozzle's
lifespan. Therefore, changes in the convective
heat transfer coefficient along the thrust chamber
are among the other results of the present study.
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3.1. Flow Field of Thrust Chamber

The Mach number and temperature values are
averaged at different sections of the thrust
chamber, and their variations along the
longitudinal axis are presented in Fig. 5. As
expected, the temperature and Mach number in
the combustion chamber are approximately
constant and equal to 3400 K and 0.1,
respectively. In the converging section, the
temperature and Mach number begin to decrease
and increase, respectively. In the diverging
section, the decrease in temperature and increase
in Mach number continue at a higher rate,
reaching 2150 K and 2.6, respectively, at the
nozzle exit. A similar behavior of Mach number
and temperature versus thrust chamber length
has been observed in [25, 26].

3600 -

L] #7008
T Vi
3300 [ N Vi
N /

- ) Mach * /’
5 == Temperature \ // -
2 3000 - Chamber profile "-,‘ / 4068
= \ =3
= —_
g =
] b=}
E- 2700 - &
7]
[ 0.3

2400

2100 -

Fig. 5. The axial distribution of Mach and
temperature in the thrust chamber

3.2.Distribution of Wall Temperature in
Steady State

Fig. 6 depicts the variations of Twy along the
steady-state thrust chamber for two coolants,
water and Ethyl-alcohol, and different mass flow
rate. As the coolant enters the nozzle (x=0.5), Tuy
has its minimum value at the nozzle end. The Twy
increases along the nozzle's divergent section
from x=0.5 to x=0.3. Twy reaches its maximum
value upstream of the throat (x=0.29). This
phenomenon is due to the g, heat transfer rate,
and the effect of Dean vortices in the curved
cooling channels [4, 18]. Following, a decreasing
trend is observed from x=0.29 to x=0.12. Since
the Tcool increases along the cooling channel, and
the hot gas temperature also increases from the
diverging to the converging section. It is expected
that Twy is higher at the converging of the nozzle
compared to the nozzle end. Furthermore,
because of the sudden change in the cooling
channel geometry at x=0.12, vortices are
generated in the cooling channel. This
phenomenon increases the heat transfer of the
coolant, resulting in a sectional drop in Twg [27].
Due to the low velocity of the hot gas inside the
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combustion chamber, the Twy increases from
x=0.12 to x=0, reaching a temperature
approximately equal to the maximum value at the
throat. A similar trend in the Twgy changes along
the thrust chamber length has been reported in
the studies by [14, 28]. The results also indicate
that as the coolant mass flow rate increases from
0.5 to 1.5 kg/s, Twg significantly decreases. The
temperature variations of the inner wall are
similar for both Ethyl-alcohol and water.
However, since the specific heat capacity of Ethyl-
alcohol is lower than that of water, Ethyl-alcohol
has less cooling potential than water.

Table 2 presents a comparison of Twy for
water and Ethyl-alcohol, at three sections of the
thrust chamber: the nozzle's diverging end
(x=0.50), upstream of the throat (x=0.29), and the
nozzle's converging start (x=1.2), and for three
mass flow rate. The comparison of values shows
that for each constant mass flow rate, the greatest
difference of Twy between two coolants occurs at
x=0.29, x=0.12, and x=0.50, respectively. For
instance, in m = 1kg/s, the difference of Twy
between the two coolants is 197, 97, and 9 K in
these three sections, respectively. Also, at a
constant section, the difference of Twy follows
between two coolants with an increasing trend
and a decrease in the mass flow rate. For instance,
at x=0.29, the difference of Twy between the two
coolantsis 152,197, and 300 K for the three mass
flow rate, respectively.

700

@ m=0.50 kg/s
650 m=1.00 kg/s
m=1.50 kg/s
________ chamber profile
600
. 550
L
=
¥ 500
2
45 Coolant
400
sof T
1 1 L .
0 0.1 0.2 03 0.4 0.5
X (m)
1000
——— m=050 ks
———— m=1.00 ks
900 ———— m=150 ks
________ chamber profile
800
—_
= 700
w
=
f—
600 Coolant
500
wof — T
I 1 1 -

0 0.1 0.2 0.3 0.4 0.5
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Fig. 6. Distribution of gas-side wall temperature:
(a) water, (b) Ethyl-alcohol
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Table 2. Comparison of gas-side wall temperature
for two coolants

x=012 _ x=029 _ x=0.50
m m m

n=15
m 415 541 357
kg/s

Tue (K n=1

() m 429 573 366

water kg/s
m =05 467 657 381
kg/s
m=15 492 693 362
kg/s

T T

Ethyl- i 526 770 375

alcohol .g_SO g
m==o 619 957 401
kg/s

Fig. 7 illustrates Twg and Twc along the thrust
chamber at coolant mass flow rate of 0.5 and 1.5
kg/s. Throughout the thrust chamber, the trends
of Twe and Twg are similar, and the Twc is lower
than the Twg. A similar behavior of Twg and Twc
variations has been observed in the research of
[15, 29]. Given the melting point of copper (1356
Kelvin) and the maximum inner wall
temperature for water and Ethyl-alcohol (650
and 970 Kelvin, respectively), it can be concluded
that the thrust chamber wall will function
normally [30].

Table 3 presents the values of the ( Twg-Twc) for
two coolants at three sections (x=0.12, x=0.29,
x=0.50) and for three mass flow rate. Comparing
the results indicates that the highest temperature
difference occurs upstream of the throat (x=0.29)
for both coolants and at each mass flow rate. Also,
this temperature difference decreases for each
coolant and at x=0.29, as the mass flow rate
decreases.
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Fig. 7. Distribution of gas-side wall and coolant-side wall
temperature: (a) water, (b) Ethyl-alcohol
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Table 3. Comparison of the difference in gas-side and
coolant-side wall temperature for two coolants

x=0.12 x=0.29 x=0.50
m m m
m=15
kg/s 8 77 10
ng - Twc m = 9 75 7
water kg/s
m=10.5
kg/s 9 72 8
m=15
kg/s 9 71 12
1\Ng = 1\NC 7i1 =
Ethyl- /s 9 68 12
alcohol
m=0.5
kg/s 9 62 16
1500 Water (1.0 kg/s)
=055
3000 -
2500 |-
g 2000 -
H
= 1500

3500

3000

2500

2000

T, (K)

1500

1000

500

3500

Coolant

X (m)

Water (0.75 kg/s)

—

X (m)

‘Water (0.5 kg/s)

T, (K)

3000

2500

2000

1500

1000

500

Fig. 8. Distribution of gas-side wall temperature in transient: (left) water, (right) Ethyl-alcohol

X (m)
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3.3.Distribution of Wall Temperature in
Transient

The transient state is considered from the
start-up of the engine until it reaches the steady
state. Fig. 8 depicts the variations of Twg along the
thrust chamber for water and Ethyl-alcohol until
reaching the steady state, and
m = 0.5,0.75,1.0 kg/s. As the engine starts, the
coolant enters the cooling channel from the
divergent end and traverses the entire cooling
channel to reach the beginning of the thrust
chamber. Therefore, as can be seen, up to 0.5
seconds for water and 1 second for Ethyl-alcohol,
only the divergent part of the nozzle
(x=0.34 to 0.5) is affected by cooling, and its wall
temperature is lower than that of the other parts.
Subsequently, up to 1 second for water and 2
seconds for Ethyl-alcohol, the entire nozzle
(x=0.12 to 0.5) is subjected to cooling, and the
nozzle wall temperature is lower than the
combustion chamber wall temperature.
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3500
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After 1 second for water and 2 seconds for
Ethyl-alcohol, the entire thrust chamber
experiences the regenerative cooling, and Twg
gradually decreases. This process continues until
the Twg changes become negligible and reach a
steady state.

Table 4 presents the two coolants' steady-
state time of gas-side wall temperature.
According to the results, decreasing the mass
flow rate significantly increases the steady state
time. Specifically, when the mass flow rate is
halved from 1 to 0.5 kg/s, the steady state time of
water doubles, rising by a factor of 1.8 for Ethyl-
alcohol. Also, on average, the steady state time of
Ethyl-alcohol is approximately 1.85 times that of
water.

Table 4. Comparison of reaching time to
steady-state for two coolants

m=10 m=075 m=0.5

kg/s kg/s kg/s
water 2.5s 4s 5s
Ethyl-alcohol 5s 7s 9s

3.4. Distribution of Convective Heat Transfer
Coefficient

According to obtaining of convective heat
transfer based on equation (13), the heat flux of
the hot gas must first be determined. Fig. 9
depicts the heat flux variations along the thrust
chamber for different coolant mass flow rate. The
heat flux shows a decreasing trend along the
combustion chamber due to the development of
the boundary layer along the hot gas wall. As the
turbulent boundary layer thickness increases
along the chamber, the heat flux gradually
decreases [31]. From the beginning of the
converging nozzle (x=0.12), the heat flux
increases and reaches its maximum value
upstream of the throat (x=0.28). In the diverging
nozzle, due to the hot gas flow's expansion and
the boundary layer's small thickness, the heat
flux decreases until it reaches its minimum value
at the end of the nozzle. A similar trend of heat
flux variations along the chamber length has been
reported in the investigations [32-34]. The
coolant mass flow rate is effective on the critical
heat flux upstream of the throat, such that by
increasing mass flow rate, the critical heat flux
also increases [1]. For mass flow rate of 0.5, 1.0,
and 1.5 kg/s, the maximum heat flux is 19.8, 20.7,
and 21.0 MW/m? for water and 17.1, 18.9, and
19.7 MW/m? for Ethyl-alcohol, respectively. On
average, the maximum heat flux of water is 1.9
times higher than that of Ethyl-alcohol for
different mass flow rate.

— m=1.5 kg/s
m=1.0 kg/s
m=0.5 kg/s
________ chamber profile

(@)

q (MW/m®)

Coolant
—

m=15 kg/s
m=1.0 kg/s
m=0.5 kg/s
........ chamber profile

(b)

q (MW/m?)

Coolant
_______________ —

.3 I 04 I 0.5

Fig. 9. Distribution of heat flux: (a) water, (b) Ethyl-alcohol

Now, considering Figs. 5, 6, and 9, as well as
equation (13), the convctive heat transfer
coefficient can be directly determined. Fig. 10
illustrates the distribution of the convctive heat
transfer coefficient as a function of nozzle length
for different coolant mass flow rate. The
convctive heat transfer coefficient reaches its
maximum value of approximately 7.8, upstream
of the throat (x=0.28), and decreases on both
sides of the nozzle, reaching 0.84 in the
converging section and 0.8 in the diverging
section. Similar behavior of the convctive heat
transfer coefficient has been observed in the
research of [21, 35]. Only upstream of the throat,
the coolant mass flow rate affects the wall heat
transfer coefficient. As the coolant mass flow rate
increases, the convctive heat transfer coefficient
of the wall also increases [5]. On average, the
convctive heat transfer coefficient for water is
0.12 higher than that for Ethyl-alcohol, upstream
of the throat, and all mass flow rate.
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Fig. 10. Distribution of convective heat transfer coefficient:
(a) water, (b) Ethyl-alcohol

Fig. 11 shows the Nusselt number variations
versus Reynolds number for two coolants, water
and Ethyl-alcohol, and different mass flow rate.
The results indicate that as the coolant mass flow
rate increases from 0.5 to 1.5 kg/s, the Reynolds
and Nusselt number significantly increase. For
mass flow rate of 1.5 kg/s, the ranges of Reynolds
and Nusselt number are 1.8x10° to 6.1%105 and
802 to 2150 for water and 1.2x105 to 4%x10> and
809 to 2168 for Ethyl-alcohol, respectively.
Whereas, for mass flow rate of 0.5 kg/s, the
ranges of Reynolds and Nusselt number are
0.6x105 to 2x105 and 333 to 891 for water and
0.3x105 to 1.3x105 and 336 to 900 for Ethyl-
alcohol, respectively. This behavior confirms the
changes in Twg, Twe, and convective heat transfer
coefficient in terms of coolant mass flow rate.

2400
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Fig. 11. Distribution of coolant Nusselt number versus
Reynolds number

3.5. Distribution of Coolant Temperature

Fig. 12 depicts the distribution of Tcwor along
the thrust chamber for two coolants. As the
coolant absorbs heat from the hot gas, its
temperature progressively increases along the
flow direction of the cooling channel. The slope of
Teool along the axial direction is approximately
constant, exceptin a small region upstream of the
throat (x=0.28) where the g is maximum, and in
the sudden contraction region of the thrust
chamber (x=0.12) where convective heat transfer
increases significantly. Similar behavior of the
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Teoorhas been observed in the investigation of [15,
18]. The critical point of water and Ethyl-alcohol
is achieved at a temperature of 647 K and a
pressure of 22 MPa, and at a temperature of 514
K and a pressure of 6 MPa, respectively. The
maximum of Tco for water and Ethyl-alcohol is
354 K and 372 K, respectively. In addition, the
coolant pressure at the inlet of the cooling
channel is considered to be sufficiently high such
that, after accounting for the pressure drop along
the channel, the outlet pressure reaches
approximately 20 bar. Therefore, because the
Teoot is lower than the critical temperature and the
coolant pressure is higher than the critical
pressure, the coolant will not reach the vapor
state [36].
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Fig. 12. Distribution of coolant temperature

4. Conclusions

In this study, the effect of coolants (water and
Ethyl-alcohol) with different mass flow rates on
the heat transfer characteristics of a regenerative
cooling channel, such as Twg, Twe, Teool, heat flux
and convctive heat transfer coefficient has been
explored for steady-state and transient
conditions. For this purpose, a two-dimensional
and axisymmetric model including the thrust
chamber, cooling channel, and walls is used.
According to the results of the study, the
following conclusions can be drawn:

o Alongthe nozzle length, the temperature of the
hot gas flow decreases from 3400 K to 2150 K,
and the Mach number increases from 0.1 to
2.6.

e For both water and Ethyl-alcohol, the
maximum Twg occurs upstream of the throat
(x=0.29), and throughout the thrust chamber,
increasing the  coolant mass flow rate
significantly reduces the Twg. The maximum
Twg at mass flow rate of 0.5 and 1.5 kg/s is
calculated to be 657 and 541 Kelvin for water,
and 957 and 693 Kelvin for Ethyl-alcohol,
respectively.

Throughout the thrust chamber, the Twc is
lower than the Twg, with the maximum



Haeri et al. / Journal of Heat and Mass Transfer Research 13 (2026) 207 - 218

difference between these two temperatures H Enthalpy [J/kg]
occurring upstream of the nozzle throat
(x=0.29)fgln I'zhe upstream of the throat, the L Length [m]
difference between the Twg and the Twc at mass m Mass flow rate [kg/s]
flow rate of 0.5 and 1.5 kg/s has been P Pressure [Pa]
calculated as 72 and 77 Kelvin for water, and pr Prandtl number
62 and 71 Kelvin for Ethyl-alcohol,
respectively. q Heat flux [W/m2]
e From the start of engine operation, the wall d Radius [m]
temperature does not reach a steady state Re  Reynods number
uniformly. Due to the coolant flow path in the ¢ Time [s]
cooling channel, the wall temperature of the .
. . t Internal wall thickness [mm]
nozzle divergent reaches a steady state first,
followed by the throat and nozzle convergent, T Temperature [K]
and finally, the wall temperature of the u Velocity [m/s]
combustion chamber reaches a steady state ) )
z Cooling channel height [mm)]

over time. Increasing the coolant mass flow
rate significantly reduces the time to reach a Greeks
steady state of the Twg. Thus, this time at mass

E i ti
flow rate of 0.5 and 0.1 kg/s is 5 and 2.5 ¢ xpansion ratio
seconds for water and 9 and 5 seconds for k Turbulent kinetic energy [m?/s?]
Ethyl-alcohol, respectively. A Thermal conductivity [W/m.K]
e The heat flux of gas-side flow decreases along U Dynamic viscosity [kg/m.s]
the combustion chamber, increases along the p Density [kg/m3]
converging nozzle, and decreases along the )
di . L . T Viscous shear stress [N/m?]
iverging nozzle, reaching its maximum value
upstream of the throat (x=0.28). Variations in w Specific dissipation rate [1/s]
the coolant mass flow rate, except upstream of .
. Subscripts
the throat, do not significantly affect the heat
flux. The maximum heat flux at a mass flow in Inlet
rate of 1.5 kg/s is determined to be 21.0 and ex Exit

19.7 for water and Ethyl-alcohol, respectively. ch Chamber

e The convective heat transfer coefficient is no Nozzle
calculated using a direct approach and based
on the Twg, Trg, and heat flux. The convctive
heat transfer coefficient is maximum upstream wg  Wallgas
of the throat (x=0.28). At this point, the coolant bg Bulk gas
mass flow rate affects the heat transfer
coefficient. In this way, increasing the coolant
mass flow rate increases the convctive heat

wc Wall cool

cool Coolant

transfer coefficient of the wall. Funding Statement

e The Twor continuously increases along the flow This research did not receive any specific
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