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Abstract

Tartarus, the student liquid rocketry program of The Space Hardware Club of the University of
Alabama in Huntsville, is currently working towards the completion of a demonstrator sub-scale rocket
engine, Prometheus. To support modeling and safety analysis, the team has developed an in-house
quasi-one-dimensional (Q1D) model to predict gas properties and firing behavior. To accurately characterize
the effectiveness of fuel film cooling, it is necessary to take into account both convective and radiative heat
transfer mechanisms. While convective heat transfer approximations are well studied and fairly precise,
approximations of radiative heat transfer are typically significantly more simplistic and tend to introduce a
significant amount of uncertainty into calculations of the heat flux into the film cooled length. Additionally,
experimental results have proven that radiative heat transfer contributes a significant source of thermal
loading to the film; robust models that produce higher fidelity results must be applied to develop a more
complete model of the engine. This work presents a method of integrating the radiative heat transfer equation
into a Q1D engine model to produce higher fidelity results without requiring the incredibly high level of
computational power required to implement this equation into a computational fluid dynamic model. In
doing so, this will produce a model not yet utilized or created at this level for the verification of cooling
effectiveness.
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D = diameter m
h = convective heat flux coefficient
. -2 —1
G = mass velocity kgm s
. -1, -1
c = specific heat [ kg 'K
e, = free stream turbulence intensity fraction
C ; = skin friction factor
Pr = Prandt] number
Re = Reynold’s number
x = distance from injection point
X, = x corrected for developing pipe flow
1 = dynamic viscosity
. . -1
u = axial velocity m s
L . -1 -1
FC = liquid coolant mass flow rate per circumference kg s m
' -1
m = mass flow rate kg s
t = film thickness m
T = shear stress Pa
K Iy = correction factor for molecular weight
. -1
M = molecular weight g mol
' . . -2 -1
m = total liquid evaporation rate per surface area kgm ~ s
o = Stefan Boltzmann constant
paL = optical path length bar cm
PE = equivalent pressure bar
. -1
h fg = enthalpy of vaporization ] kg
* i ) 2, -2
h fg = convective heat transfer coefficient from the hot gas to the coolant J kg
-2
q = heat flux W m
F = blowing ratio
LC = liquid film cooled length m
I = line intensity
n = normal vector m
s = length of ray cm
A = wavelength m
-1
\Y = wave number cm
T, = optical depth
jv = emissivity at wavenumber
. . -1
o = absorption coefficient cm
BV = Planck function
Subscripts
H20 = water vapor
co2 = carbon dioxide
cc = combustion chamber
w = wall
g = free stream gas
c = coolant

sat = saturation



v = at wave number
II. Introduction

Tartarus is a student-led liquid rocketry project at the University of Alabama in Huntsville as a part of the
University’s Space Hardware Club. The team is currently in the fabrication and testing phase of development,
having completed the manufacturing of the Prometheus engine and moving into preliminary waterflow testing.
During the analysis phase of this project, Grissom [1] and Shine’s [2] methods were utilized to determine the film
cooled length of Prometheus. These methods utilize either approximations or averages across the entire chamber to
find a film cooled length. These methods are adequate in many cases and reduce computational complexity
compared to a more precise method, but they also introduce uncertainty and error into their models, which makes
the prediction of their engine’s performance significantly more difficult. Comparatively, a line-by-line approach
computes the radiated heat to a high precision utilizing the radiative heat transfer equation in a CFD or Q1D model.
Due to the high computation costs of the line-by-line method in a CFD model, it is primarily used as a benchmark to
validate simplified models rather than to directly analyze an engine's performance. However, a Q1D model can
simplify this computation while also remaining at a high enough resolution to give informative results. In this paper,
the team outlines the required steps to develop and the results of this Q1D approach.

I11. Previous Methods

Due to the team still being in the midst of the hotfire campaign and therefore having no test data for
Prometheus, to validate the line-by-line model, two well-accepted models were implemented and compared against.
The first of these methods, and the method that Prometheus was originally analyzed with, was developed by Dr.
William Grissom. Grissom’s [1] model utilizes empirical approximations to determine the expected radiative heat
transfer and transpiration correlated convective heat transfer coefficient as functions of the distance from the head
end of the engine. This is then coupled with an empirical correlation for convective heat transfer to find the total
heat flux at an arbitrary point along an engine contour. In Grissom [1], the emissivity is defined by Eq. (1).
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The values of € y and Kp ; are specific to each species. Emissivity for water vapor and carbon dioxide is

defined as follows.
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The values of ¢ and n in Eq. 1 are determined from Table 1 by performing a quadratic interpolation across
temperature values. This data is drawn from Grissom [1].



Table 1: Empirical Correlation of Gas Properties

T(K) c(atm*m) n
1000 0.165 0.45
H,0 2000 0.90 0.65
3000 2.05 0.61
1000 0.05 0.6
co, 2000 0.075 0.6
3000 0.15 0.6

The optical densities are defined by the following equations:

P20 = LpHZO ©)
Peoa = choz (10)
popt = Puao t Peoz (an

The emissivity is computed for both upstream and downstream effective length; these emissivity values are
then averaged. The equations for both effective lengths are defined in Eq. (12) and (13).
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Then, to compute the final total emissivity, a correction term is required to account for overlapping
emissivity bands of water vapor and carbon dioxide. This term is defined in Eq. (14).
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The convective heat transfer coefficient must also be computed; this is done as follows.
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The film cooled length is heavily dependent on the velocity of the liquid coolant. Grissom [1] determines
this value implicitly through Couette flow relations as follows.
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The convective heat transfer then must be calculated. This value is reliant on the local heat transfer
coefficient calculated above. However, the transpiration effects are in turn reliant on the convective heat transfer
coefficient, and therefore these values must be computed implicitly. This is done as shown below. Note that
a=20.6 ifMU<Mg,and a=0.35 iva>Mg.
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The mass flow rate of coolant per circumferential distance, I‘C is calculated at a set spacing down the length

of the chamber.

The temperature of the liquid is defined by Eq. (35) while the temperature is less than the saturation temperature.
dr
Then, once the temperature has reached the saturation temperature, —; is computed following Eq. (36) until FC = 0.

The final value of x is then defined as the film cooled length.
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The second method was developed by Shine [2]. Shine’s [2] method is also reliant on Leckner’s [3]
emissivity correlations to determine the total emissivity of water vapor and carbon dioxide. Leckner’s work
determined a model that defines emissivity as a function of optical path length, total pressure of the gas, and the
temperature of the gas. Additionally, Leckner [3] introduced an equivalent pressure term to simplify the necessary
pressure corrections. This model is represented by Eqs. (37-41). In Eq. (39), c,arca series of constants that can be

found in Ref. [3]. The following application of Leckner’s [3] equations comes from Ref. [4].
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Then total emissivity can be calculated with Eq. (42) and Eq. (43), noting that the emissivity of water vapor
and carbon dioxide should be calculated at their respective partial pressures, and that Ae is a correction factor
representing any overlap in the emissivity bands of water vapor and carbon dioxide.
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The convective heat transfer coefficient from the hot gas to the coolant, h i is calculated from the

saturation temperature, specific heat capacity, and enthalpy of vaporization of the coolant.

h fg = hfg(Tsat,c - Tcl)ccl (45)

Radiative heat flux is then calculated using the temperature of the chamber, emissivity, and the Stefan
Boltzmann constant.

q. =¢ol (46)



Using radiative heat flux and heat transfer coefficient from Eq. (45) the blowing ratio F can be calculated
using the following equation.

) 4 (47)
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The blowing ratio combined with the mass velocity, G, found by the product of the density and the velocity

of the free stream gas, will give the coolant evaporation rate per unit area m.

m = FG (48)

v

The coolant flow per circumference available for film cooling, FC, is defined by Eq. (49). This is a

simplified form as entrainment effects were found to be negligible, likely due to a relatively low chamber pressure.
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Then, finally, film cooled length is calculated with Eq. (50).

r
L =— (50)
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IV. Line-by-Line Radiation Model
The line-by-line model differs from Grissom [1] and Shine [2] by taking the chamber to be a discrete field
and solving the complete radiative heat transfer equation. Doing so yields a function of the path and the emissivity
coefficient along this path, and results in the energy reflected in the direction of this path.
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The first term of Eq. (52) describes the reflected radiative energy for an arbitrary wavelength traveling on a
particular path through the engine. However, this term is reliant on all prior times that this particular ray was
reflected and therefore necessitates a recursive method. Additionally, this term is commonly evaluated to equal zero
due to the optical thickness of the gas. As such, this term becomes small enough in comparison to the second term to
be neglected if it is calculated for all view angles at the same arbitrary point on the chamber wall for an arbitrary
angle. Therefore, Eq. (52) can be simplified to Eq. (53) with very little loss of precision.
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This function outputs the line intensity at a specific wavenumber for a specific ray through the engine. The
optical density and emissivity are both derived from the absorption coefficient using Eq. (54) and Eq. (55). Note that
BV(T) is the Planck function at a given wavenumber and temperature. Given that our gas is assumed to be

insentropic Eq. (54) dependence on thermal equilibrium is met.

j(5) = o ()B (T) (54)
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Egs. (51-55) are from Ref. [5]. Deriving the absorption coefficient for the gas mixture requires taking into
account temperature, pressure, and gas composition. However, this functional relationship is rather difficult to derive
and implement as it is heavily reliant on quantum mechanical effects and properties of different isotopologues. Due
to this, the data for the absorption coefficient at every wave number was retrieved from the HITEMP [6-8] chemical
property database, utilizing the HAPI [9] api in Python. Below are figures displaying the absorption coefficient by
wavenumber for carbon dioxide at ambient conditions, carbon dioxide at chamber temperatures, and for the gas
mixture of the combusted products at chamber conditions.
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Morse [10] previously developed a Q1D isentropic mode of the Prometheus engine. This model can be
utilized to construct a Q1D mesh that includes the temperature, pressure, and absorption coefficient at every
wavelength. This model can then be further simplified by assuming that the chamber is radially symmetric. Doing so
results in a mesh that is significantly simplified from a high-fidelity CFD model. Utilizing a raytracing algorithm
through this mesh then allows for the discrete numerical integration of Eq. (53), the output of which is a radiant line
intensity.

V. Film Cooled Length
The radiant heat flux values calculated in the previous section can then be integrated using Eq. (56) from
Refs [5]. Note that line intensity is not strictly a function of theta; instead, the two values of theta are used to
determine the pointing vector V.

. mom Von
Qrad = f f 1(91' 92) Vlin| dgldgz (56)

—T—TC

The calculated radiative heat transfer values can then be utilized to determine the film cooled length. This is
done following a slightly modified version of the methods outlined by Shine [2] and summarized in section two.
Shine’s methods [2] are followed as opposed to Grissom’s [1], as they claim to have compared several potential
methods before settling on the method providing the best results. Shine’s method [2] for calculating constant
convective heat transfer without transpiration and the methodology for average coolant velocity are utilized.
Additionally, the required skin friction coefficients are determined from Grissom’s method [1]. Shine’s method [2] is
not intended for use with a nonuniform radiation value, so the length down the chamber of the engine that provides
the required surface area to evaporate all of the liquid coolant is determined using Eq. (57). Note that this function
must be implicitly solved for the film cooled length x.

mH  =xD)+[Q ()dx+Q, ) (57)
0

¢ vap conv

VI. Results
Each of the three methods outlined were used to analyze the Prometheus engine. For the line-by-line model,
the input values listed in Table 2 were used. Out of the 250 cells generated, the radiative heat transfer values were
only calculated for 155. These cells correlated to 3.566 inches down the chamber, which is well within the
converging section of the nozzle. More specific details about the Prometheus engine can be obtained from [10]. The
radiative heat transfer calculated using the line-by-line model is plotted against the distance from the injector in Fig.
4. The final film cooled length calculated by each method is displayed in Table 3.

Table 2: Resolution Parameters

Mesh Resolution 91 Resolution 0 ) Resolution

250 35 35
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Table 3: Calculated Film Cooled Length [in]
Grissom Shine Line-by-Line
2.1 2.9 2.6

VII. Conclusion

While the computed values are very promising, the team will be applying all of the outlined methods to an
engine that has published experimental results. This will allow for a direct side-by-side comparison of each model
and allow for the final validation steps for the line-by-line method. Additionally, the team hopes to apply this work
to a number of new tools to further refine the analysis of film cooled rocket engines. The first of which is a model of
the convective heat transfer from the film coolant into the wall of the chamber. This project can then be utilized to
develop an in-house thermal finite element analysis model that would couple the analysis of the cooling capacity of
the film coolant with the temperature at a point on the wall of a chamber. Such a model would be able to capture the
heat transfer within the chamber walls while directly updating the cooling capacity of the film.
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