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Abstract

Liquid film cooling is one of the possible solutions for the thermal control of liquid rocket engine thrust
chambers. An open literature review of models for the determination of liquid film cooling length is
completed. Moving forward, an extended version of one of the previous models is developed, including
effects that are generally neglected, such as the entrainment. With the resulting model, the evolution of
a 1D thin liquid layer can be tracked along the longitudinal engine axis, under the influence of a high-
enthalpy core stream. Open-literature data are used for the validation of the extended model.

1. Introduction

Liquid Rocket Engines (LREs) embody a preeminent role in thermo-chemical propulsion and are largely employed
in multiple applications: from space access to in-space maneuvering. Depending on the type of mission, LREs may
feature different thrust levels and firing times. The basic principle of functioning relies on the conversion of enthalpy,
generated from combustion, into kinetic energy via a gas-dynamic nozzle. In this groundwork, large heat fluxes are
generated in the thrust chamber (with peak values that are reached at the nozzle throat). Consequently, an efficient
cooling method is requested during the entire operating lifetime of a liquid propellant engine '3

Among all the possible engine cooling strategies, film cooling (FC) is one of the possible solutions, being first studied
in the 1950s,*13M18 and practically applied on board the Saturn V launcher.

The film cooling working principle relies upon the interposition of a thin coolant layer (i.e., fuel) to protect the chamber
walls beneath. Transpiration and slow diffusion of the film into the core stream are exploited, persisting in the form of
a protective layer28 Therefore, in film-cooled systems, the prediction of either (i) the length until the film persists, and
(ii) the temperature profile due to the mainstream gas are assessed.

In film-cooled thrust chambers, both gaseous (GFC) and liquid film cooling (LFC) may be exploited for thermal control.
In the former, gaseous coolant is introduced in the thrust chambers via dedicated injectors, exploiting slow diffusion,
and reducing the heat flux reaching the walls beneath.? The curtailment of the heat flux passes also through the mixing
process with the core stream boundary layer, for which a similar velocity profile and uniform temperature are retrieved,
obeying the classical laws®2% In liquid film cooling, the coolant is injected in liquid state, typically fuel is selected to
limit chemical oxidation. The thin liquid layer absorbs heat from the mainstream gas, via convection and radiation. The
coolant temperature increases, reaching the saturation point, above which, vaporization starts. As a consequence, the
liquid film cooling is more effective than its gaseous counterpart, due to the transpiration mechanism and aggregation
state transition. For this effect, LFC is more attractive for liquid rocket propulsion.

Advantages of FC arise in the lower wall temperatures, lower overall pressure drops, and lower power-plant weight
than regenerative cooling?* Recently, efforts on LFC have been reviewed by Shine et al*8 who developed a simple
analytical model for the prediction of Liquid Film Cooled-Length (FCL)2” This work followed the early research of
Grissom” in this field. Wide and detailed numerical and experimental campaigns for the understanding of FC-related
phenomena have been performed by Kircheberger et al/1o/”

In the present work primary attention is given to liquid film cooling. The underlying physical mechanism is outlined,
focusing on the most widely employed pre-existing models. Once this part is concluded, a new approach is developed
on the basis of Grissom’s? and Shine’s2! works, with the aim of enhancing the accuracy of existing modeling strategies,
introducing some aspects that are in general neglected. To fill this modeling and accuracy gap, the film hydrodynamic
stability is deeply studied, assessing the amount of coolant mass that is lost due to the core stream shearing action
by entrainment mass transfer 221427/ In most of the models, this aspect is briefly touched or directly discarded due
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to the complex nature of the phenomenon. In the present work, attention is paid to modeling this aspect, which is of
paramount importance for accurate predictions of the liquid film-cooled length. The document is closed with a wide
model validation procedure replicating multiple experimental campaigns /124161824

2. Open-Literature Models Review

In this section (i) the fundamental physical principles behind liquid film cooling are presented, and (ii) open-literature
models for the analysis of the liquid layer length are reviewed. Results from the models are contrasted considering ex-
isting experimental data sets. The relevant governing equations concerning the basic liquid film cooling mechanism are
mass and energy balance. Regarding the pre-existing models, the one from Grissom” is deeply investigated, becoming
the starting point for the development of the model proposed by the authors of this paper. In existing open-literature
models, relevant quantities, such as coolant temperature and flow rate, are tracked along the engine longitudinal axis
when subjected to a high enthalpy core stream.

2.1 Liquid Film Cooling Physical Principle

Liquid film cooling features the injection of coolant in liquid form, where, potentially, both fuel and oxidizer can be
exploited. Nonetheless, fuel is desired due to the null oxidative chemical action, which may be aggressive for the metal
chamber walls. As for GFC, the liquid coolant is introduced in the thrust chamber via dedicated injectors, covering
the internal walls. The shielding process passes through the absorption of the enthalpy stream, via radiation and
convection,” increasing the coolant temperature up to the saturation point. At this stage, the evaporation is triggered,
engendering the following effects: (i) the coolant absorbs the latent heat of gasification, (ii) the mass blowing from
the coolant reduces the convection mechanism via the blockage effect,”*?” and (iii) the vaporized mass acts as a buffer
layer, still protecting the thrust chamber walls. This peculiar process allows for the slow diffusion of the vaporized
coolant inside the propellant core stream, hence ensuring proper protection. In this framework, a key parameter for the
evaluation of the liquid film cooling effectiveness is the length the liquid coolant endures for, the FCL.
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Figure 1: Liquid film cooling: energy balance on the control volume and layer thinning due to the coolant vaporiza-
tion 2

As presented in Figure [T} the liquid film cooling analysis is driven by (i) mass, and (ii) energy conservation equations
inside the control volume. Through the energy equation, the coolant temperature variation is assessed. Concerning
the mass, it may be lost as an effect of two concurring mechanisms: entrainment of liquid droplets and vaporization.
Entrainment is a peculiar mass transfer originating from core flow shearing action exerted onto the thin liquid layer.
The shear stress tends to make the liquid layer unstable, generating roll waves on its free surface, possibly causing
droplets detachment, when inertia forces overcome the surface tension ones 2% This phenomenon may occur prior to,
and after the saturation is reached. Beside mass losses, entrainment acts on the increased surface roughness, enhancing
the convective heat transfer, and impacting the liquid mass flow rate decrease 2

For his fact, the model developed in the next sections aims at filling this gap by borrowing from the HRE background,
trying to enhance the accuracy of the FCL prediction.
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2.2 Liquid Film Cooling Models

In this section, open-literature models for the analysis of LFC are presented and reviewed. Discussion follows a
chronological order. The reviewed models are (i) the one by Stechman and co-workers,*? (ii) NASA SP-8124 9 (iii) the
model by Grissom,? and (iv) the one proposed by Shine 2

Stechman developed a model for film cooling effectiveness prediction in small liquid rocket engines?” exploiting global
balances of mass and energy at the film surface. Starting from the energy equation, the heat flux reaching the film is
evaluated as follows:

4 = by (Tegy - T2) (1)

In Eq. [T] an effective gas temperature in the presence of non-adiabatic walls is considered: Trss. In the approach
proposed by Ref.)? the analysis is focused on the wall temperature (7,,). The value of this parameter is determined
based on the coupling between the propellant stream and the coolant. The FCL is here defined as:

{Wee. (TVap - Tlnj) W,y
c = —+
Pe hg (Tr - TSat) Pe hg (Tr - TSat)

Looking at Eq. [2| the total liquid length is the sum of two different contributions: the first one (at the right-hand
side) provides the distance (from the coolant injection point) the saturation temperature is reached at. The second
term estimates the distance for which temperature is constant, at the saturation level, and the vaporization process is
in-proceeding. In both terms, the stability of the film is expressed via the ¢ parameter, bounded between 0 and 1, a
function of the coolant Reynolds number (Re.) defined hereby:

@)

W,
Re, = ——— 3
7 Dec pe
The effective gas temperature is now evaluated downstream of the coolant injector, in the gaseous coolant region, as

presented below:

T,-T, h, A
T = w5 o)
1 5, 1/8
= =( u”g) fB Bt (4b)
F@) =D g (4¢)
f(B) =1+04tanh(B-1), pB>1 (4d)

The above relations are retrieved from the results of Hatch and Papell 1 assuming that: i) the coolant does not exhibit
mixing nor chemical reaction with the core stream flow, ii) the coolant temperature does not change as rapidly as the
coolant moves downstream, iii) the gradients across the thin coolant film are small, and iv) no conduction heat transfer
occurs inside the chamber walls.

At this stage, the missing parameters to be defined are the convection heat transfer coefficients: at the gas-coolant and
coolant-wall sides. Starting from the former, the turbulent gas-coolant convection heat transfer coeflicient is evaluated
with the implementation of the Bartz equation,! including minor modifications,?? allowing for variable coolant thermo-
physical properties:

0.2 0.9 %109
1Y W\ (A H, - H,
hy = 0026 5oz () %) (7= ®

Moving to the coolant-wall side, the heat transfer coefficient is evaluated assuming a linear velocity profile inside the
liquid film (Couette shear-driven flow) and taking into account the stability parameter ({):

h. = 0.0288

. W, u, h, Pro-5%7 p. 04
Ce [4 gNg LT P ] ©)

0.667 ,,0.2 ,0.2
Prc M= X mrcg

In NASA SP-8124 report,® two film cooling analytical models are proposed. One deals with LFC, and the second
with GFC. In this discussion, only LFC is of relevance. The evaluation of film effectiveness (1) is evaluated, from the
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knowledge of the LFC, with the aim of computing the adiabatic wall temperature (7,,,) beneath. The covered length
has the usual definition, assuming the following expression:

Lo= 14 B )

Aenl

In Eqm W, is the film coolant flow rate in [bm/s, V is the vaporization rate of the liquid surface and A, is the liquid
entrainment parameter, function of X,,, the entrainment correlation parameter (defined in Eq. @)

pe\05 T, 0.25
) (5) N
g Pg,surf

The variable appearing in Eq. [§]are:

e T,: core flow temperature;

Tis: liquid interface temperature;

e y: empirical augmentation factor, considering injection effects;
e p,: core flow density;

e u,: core flow velocity;

® g qurf: core flow surface density;

The wall temperature beneath the liquid coolant can be retrieved from the knowledge of the liquid film cooling effec-
tiveness, whose definition derives from:

Taw - Tg
L — 9
n= T, ()]
Yielding to:
1 W, W -W, z W, x W,
= —— _=—2¢L£ 1_&—(WL£)+ﬁ (10)
9(1 + W ) W, W, T W—-Ww, T W,

Where it is possible to notice a dependence on the core stream and coolant flow rates (W, W,), the amount of entrained
coolant mass fraction (W,/W,) and the effective contour distance downstream of the injection (Z) responsible for the
2D effects of the chamber. Besides the evaluation of the entrained mass fraction, the effectiveness assessment passes
through the calculations of the mixing layer structure profile parameter 9:

0.6 + 0.263 w

. 7 Wy < (W), +0.6W,

1D
0.758 Wy > (W) +0.6W,

At this stage, from the knowledge of the effectiveness, the adiabatic wall temperature is now computed, considering a
non-reacting mixing layer:

Hyy —nH g + nCVapTif +(1 - U)(Cthot,g - Hg)
Ty = (12)
77CVap + (1 - U)Cg

The unique unknown in Eq. [T2]is the adiabatic wall enthalpy, whose expression has the following form:

Hyy = Hzoz,g - TI(Htot,g - hc) - (1 - Pr%333) (Htot,g - Hg) (13)

Thus, similarly to Stechman’s approach/?? the wall temperature beneath the film is evaluated, stating the constraints for
the very same value.

Differently from the previous two models, Grissom? proposes a 1-D approach for the evaluation of the length at which
the liquid layer still endures in liquid form. The model marches on the engine axis, monitoring the evolution of the
coolant flow rate and temperature, before and after the saturation point of the same. The following hypotheses are
considered:
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Steady state flow;

Adiabatic film-wall interface;

Non-reacting coolant stream and diffusion process;

Steady and uniform core gas temperature.

Energy, mass, and momentum balances allow for the tracking of temperature (7¢), coolant flow rate (I'c), thickness
(0¢), and velocity (uc), respectively. Starting from the energy balance at the liquid film bore surface, the temperature
is tracked in space by:

dTe _ 1o

= 14
dx Fc CP,c ( )

In the first portion of the model (i.e., the pre-saturation conditions), the coolant is studied from the point at which it
is injected into the chamber till the saturation point. The total heat flux (¢7,,) from the mainstream gas, is the sum of
convection and radiation heat fluxes:

q;:ot = q/(,conv + q;éad’ qgonv = hO(St) (Tg - TC) ’ q%ad = oeay (Tg - T?) (15)

Where the convective heat transfer is expressed via the Reynolds analogy. Stanton number and friction factor correla-
tions are employed considering a turbulent motion stream, flowing over a flat plate, and corrected for thrust chamber
curvature. As far as concerns the radiation heat flux, the emittance of the exhausted mixture is evaluated taking into
consideration the composition of the exhausted stream, following the approach suggested by Siegel and Howell 12

In Eq. [I4] T'. is the coolant mass flow rate per unit circumference, constant till the saturation point. Once this point is
reached, the temperature of the coolant remains constant, equal to the saturation one, and the coolant flow rate per unit
circumference varies accordingly, as an effect of evaporation:

drc w7 7 q.,Y{m‘
dx ~MEvap> MEvap = ALav (16)

In Eq. [T6] Ary is the coolant latent heat of vaporization. As an effect of the evaporation process, the coolant mass,
now in the gaseous state, leaves the thin liquid film slowly diffusing in the core stream flow. In this way, the convection
heat transfer coefficient is largely reduced® Grissom computes such a new coefficient implicitly, as a function of the
evaporated mass. Proceeding with the integration, I', reduces monotonically until it reaches a null value, this new
position identifies as the film-cooled length (L., FCL).

In addition to this, the model includes the evaluation of the liquid film thickness and the average velocity both before
and after the reaching of the saturation conditions, employing a laminar Couette flow. Introducing the momentum
conservation equation, both the velocity and thickness can be related to I'; and to the surface shear stresses:

u, _o, 1.(0) = 0. (duc) _T
dyZ dy xX=0, HMc
I, =2M6p065 a7
1
T= ECde

Differently from the others, Grissom does not directly account for the mass loss as an effect of entrainment. In his
modeling procedure, an empirical correlation for film stability is provided as a function of core stream and coolant
viscosity. No quantitative evaluation of the mass loss due to entrainment is provided, nor discussed.

The model developed by Shine?” allows for the evaluation of the length at which the film still exists in the liquid
state, and it is not completely evaporated. Employing the very same set of hypotheses of Grissom,2 and the control
volume depicted in Fig. [T} Global energy and mass balances are retrieved for the film-cooled length evaluation. In this
framework, differently from Grissom, the FCL is evaluated via a lumped-parameter approach, without considering an
effective integration procedure. The mass balance equation is written as:

ne = mc,Evap + mc,Entr (18)
Whereas, the energy balance takes the form:

”

mc,Evap h}g = qunv + qRad (193)
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With:

h);g = hfg,c + (Tsar — Tinj)cc (lgb)

Where, in Eq. @ . is the total injected mass flow rate of coolant that can be lost by vaporization (7. £vqp) and
entrainment (7it¢,gq;). As per Eq. [I9a]and Eq. [T9] the total input heat flux, responsible for the vaporization mass loss
contribution, is the sum of the convection (qgm) and radiation (q;;a ;) input heat fluxes. The vaporized mass loss is
evaluated via a modified enthalpy of vaporization (h;ig) containing: the effective enthalpy of vaporization (/. ) and
the contribution to enhancing its temperature till the saturation value.

Moving further, the Darcy friction factor and the Stanton number are evaluated according to McKeon et al.;*? and
Friend-Metzner?Y respectively. Both correlations are suitable for fully developed pipe flow, differently from what is
pursued by Grissom,? (valid for 300 - 10° < Rep < 18 - 109).

1
—— = 1.930log(Rep /Cy) — 0.537 (20)

Neh

f
2

120 + 11.8 \/L(Pr — 1)(Pr)~

Considering the problem in its global formulation, the St shall be modified accordingly, taking into account the tran-
spiration effects. Thus, defining the St in the absence of mass blowing as S 7, the following relations hold:

St=

C
f=- @

0.6

s, In [1 + (F/St) (MMol,/MMol.) ]
g = 06 (223)

0 (F/S1) (MMol,/MMol.)
F Cé’ q:ad

— = Ty — Tout) + 22b
St h;g[(g ) h] (220)
Meinret>? proposed a correlation based on the Stanton Number, which paired with Eq. involving the blowing

ratio (F/St), leading to the evaluation of the convection heat transfer coefficient implicitly, and the relative heat flux.
Concerning the radiation heat flux, its evaluation is possible via the implementation of Leckner’s™® correlation for the
emissivity. Knowing the two input heat flux contributions and the modified vaporization enthalpy, the evaporation mass
flux may be evaluated as follows:

o et @3

mc,Evap - ht h*
fe fe

Differently from the previous works, the film instability is investigated, and the relative fraction of mass loss is evalu-
ated. The film is made unstable as an effect of the existence of large-scale disturbances which engenders the generation
of roll waves on the film bore surface, and its possible droplet mechanical detachment?”28 The entrainment mass
fraction (E) is introduced using the Sawant et. al*® correlation, via the Weber number (We).

E = E,, tanh (ac We1-25), a. =2.31-10"*Re*¥ (24a)
R ¢, film
E, = 1 - —cefim (24b)
Re,.
Rec.fim = 250 In (Re,) — 1265 (24c¢)
u: D,
We = _ PelgPe (24d)

o (Ap//og)l/4

From the knowledge of the injected coolant flow rate (expressed as the coolant flow rate per unit circumference, I'.),
curtailed by the entertainment mass losses and (evaluated via Eq. [@, and the contribution of mass deficit due to
vaporization, the length for which the liquid persists in liquid form is evaluated as:

rc 1 mc - mC,Ent

L. = = 25
¢ " '’ 2 Tee (25)

c,Evap
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3. Analytical Film Cooling Model Development

In the present section, the new model for film cooling (S1D) is developed and discussed in detail. In the beginning, pre-
liminary considerations on pre-existing models are performed, to define a starting point for its development, exploiting
consolidated hypotheses and modeling techniques. Later on, the S1D model is described, starting from its simplified
version for which no entrainment is considered. As a last step, the S1D version including entrainment is described.

3.1 Preliminary Considerations

The models presented in Ref”” and Ref® allow for the evaluation of the temperature beneath the film in steady
conditions, employing global balances. Whereas, the model developed by Grissom” foresees the evaluation of the FCL
(Film Cooled-Length) employing local mass and energy balances as outlined in Eq. [T4 and Eq. [I6] however no clue
about the film hydrodynamic stability is provided nor discussed. The model presented by Shine?Z exploits global mass
and energy balances for the evaluation of the protected area, also in the presence of potential liquid-film destabilizing
agents as the core stream, in fact, the mass losses due to entrainment are directly assessed.

The aim of the present article is to derive a more generalized version of the film cooling model starting from the 1D
version of Ref? Therefore, local mass and energy balances are employed, in parallel to a more precise and exhaustive
description of all the phenomena occurring in the thrust chamber. Particular emphasis is dedicated to the shearing
action exerted by the core stream onto the thin liquid film. In fact, a much more precise treatment of the entrainment
phenomenon is fulfilled, borrowing from the Hybrid Rocket Engines (HREs) background in liquefying fuels 4

3.2 Simplified Model Architecture, SID-V0

The model here developed follows the efforts made by Grissom,” hence a 1D space marching scheme is derived. The
coupled energy, mass, and momentum balances are solved for both the pre-saturation and post-saturation conditions.
The marching scheme moves along the longitudinal axis of the engine, labeled as the x-axis, while the orthogonal
planar direction is defined as the y-axis.

Starting from the energy and mass balances, the coolant temperature and the flow rate per unit circumference are tracked
along the engine axis, once it is subjected to a high enthalpy core stream. The latter raises the coolant temperature via
convection and radiation, up to the saturation value. At this point, the thin film starts losing mass, constant up to this
condition, as an effect of the aggregation phase transition. Assuming a pure laminar regime for the coolant, a shear-
driven flow is exploited for the motion description of the same. Hence, from a simple Couette flow, the velocity and
the thickness of the coolant are assessed, in conjunction with the magnitude of the exerted shear stresses.

Considering the liquid film control volume depicted in Fig. [2] the liquid coolant is subjected to an enthalpy flux deriving
from the high-temperature core stream (7). Assuming a flat plate geometry and relative correlations, corrected for the
chamber curvature, the following set of equations is defined for the pre-saturation conditions:

dTL q;:m(-x) 1 .11 =11

_ = = X) + AX

B = To0 o) = T ) L) + don ()]

ar, _

dx (26)
Ii(x) =2p(T)ur(x) 61.(x)

d*up(x) duy(x) 1
=0, ,0) = 0, T =GP

a0y ur(x,0) ur(T) dy | =297

Primarily focusing on the convection heat flux, the relative heat transfer coefficient is derived from the knowledge of
the Sty and the Cy, via the Reynolds analogy typical for flat plates and augmented for the turbulent motion regime 223
The latter influence is included by the K7, (a parameter dependent on the turbulence intensity), hence:

Geom®) = ho(x) (T = T1(x)) (27a)
ho(x) = K7y Gayg(x) Cpg Sto(x) (27b)
1 T ~02
Sto(x) = 5 Crx) P = ——— [0.0592 Re,(x) "] (27¢)
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Figure 2: S1D model, FC control volume (original image after adaptation from Ref27)
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2T Ug — UL Surf(x)
Gang(x) = £ £ = 27d
Avg(X) = pgutg (Tg n TL,Sat) [ g (27d)
As far as concerns the radiation heat flux, the following formulation is employed:
Graa(¥) = T Ay e (T§ = T/(x)) (28)

Where the emittance of the exhausted mixture (€) is evaluated via an interpolation process, as suggested by Siegel and
Howell 12

Having defined all the parameters in the system Eq. [26] the integration procedure may start, from the injection point
labeled with x = 0, until a specific stopping criterion is matched: T7(X) = T s4. Once this condition is verified, the
saturation point is reached, the coolant starts evaporating, and the previous system of equations modifies accordingly:

dT
_L = 0’ TL(X > f) = TL,Sat
dx
dry
E - _mEvap('x) 9
Ip(x) =2p1(Trsa) up(x) 61(x)
duy(x) duy(x) 1
=0, w0 =0 ulrsa)—F7— = ~C/P
dy? L L'Lsar &y s 2 +Pp

As presented in Eq. [29] the temperature is constant and equal to the saturation one, whereas the liquid coolant starts
transpiration, thus hot vapors leave the liquid coolant, diffusing in the mainstream. This procedure has a further impact
on the overall convection heat transfer: mass blowing from the coolant layer reduces the convection heat transfer (as
well as the surface friction). In this framework, the production of hot vapors generates a buffer layer obstructing and
drastically reducing the convection heat transfer, as largely witnessed and assessed in hybrid rocket propulsion 222!
The mass flux of evaporated coolant is evaluated as the ratio of the total input heat flux and the enthalpy of vaporization

(ALav):

U1 om0 TLsa) + dgag 6 TLsa)

= 30

Mvap () ALmv ALav (30)
Grad TLsar) = T Ay e (T2 = T} (1)) (30b)
Aom % TLsar) = h(x) (Tg = TLsa(x) (30c)

This reduction is assessed via the so-called blowing ratio H, and accounting for the difference in the molar masses
between the exhausted stream and the coolant hot vapors (included in the K, coefficient):

h(x) = ho(x) 1n(1 JI;H ) (31a)
N EY)
H = Cp,Ky Eh(—;) (31b)

Having defined all the parameters in Eq. [29] the integration procedure may be resumed under the new specified
conditions, from point X (saturation) until all the liquid coolant mass has completely evaporated. This point (I'y, = 0)
is marked as film-cooled length or FCL.

The S1D/V0 model is coded in a MATLAB environment, following the scheme depicted in Fig. [3}

3.3 Film Hydrodynamic Stability Assessment

At this stage, the basic version of the present model is outlined, hence no clue about the hydrodynamic stability of
the liquid film is discussed or investigated. Concerning all the other models, Ref:> and Ref® cover the film stability,
nonetheless, mere rules of thumb and empirical relations are provided. In this groundwork, a pre-multiplying coefficient
is retrieved, whose value is bounded between 0 and 1. In addition to this, Ref” does not cover explicitly the stability
of thin films, recalling the empirical relation provided by Knuth,'® where instability is triggered whenever a critical
ratio is overcome. The latter is dependent upon the core stream and coolant viscosity. Reference.?” instead, provide a



DOI: 10.13009/EUCASS2023-648

LIQUID FILM COOLING ANALYSIS

Engine
Ox, Fu, O/F, P
Geometry
I - Thermo- Geometrical | |
chemistry Parameters
Y
Visc., T, Dens.,| y [Mainstream Gas Coolant _| + Coolant F.R.
Cp, Cond., FR. | | Properties Properties
Dens(T)., Vise(T),
Cp(T), Surf.Tens,
LHV, Te
\ 4 A
Pre-Saturation Conditions
NIST DATA
BASE

Y

A

Post-Saturation Conditions

PCC

\ 4
FCL, Coolant F.R., Heat Fluxes

Figure 3: S1D code flow chart.

more rigorous treatment for film instability, based on the Weber number. Moreover, a relation for the evaluation of the
fraction of entrained mass is presented, from Sawant 28

In S1D/V0, the contribution of entrainment is introduced and deeply investigated. Following the works of Gater and
I’Ecuyer” and of Karabeyoglul ™ film stability is discussed in detail. Recalling the two works, the thin film is subjected
to a shearing action by the core stream, hence roll waves may generate on the free surface of the same, as an effect
of exhausted gases dynamic pressure. The generation of the roll waves may not directly provokes the detachment of
liquid droplets, whenever the inertia forces superclass the retention forces via the liquid surface tension.

The phenomenon discussed above is similar to the one depicted in Fig. [ though the latter comes from the analysis
of a liquid layer on a solid substrate, a condition typical of HREs with liquefying fuels. Therefore, a duplex can be
witnessed, in fact in conjunction with a mass loss before and after the reaching of the saturation process, an enhanced
roughness on the film free surface is present. The latter has a direct impact on the convection mechanism, in fact, the
increased surface roughness largely increases the convective heat flux towards the film surface.

Having understood the concerns related to the entrainment phenomenon, a thorough analysis shall consider:

e Understanding whether the film may be made unstable under a shearing action. Hence, an inception criterion for
entrainment shall be outlined;

e Evaluation of the mass loss as an effect of induced shearing action;

e Assessment of the increased free surface roughness and its impact on the convective heat transfer coefficient

These points are accomplished with the works of Gater and Karabeyouglu, for which an inception criterion is defined
depending on the dynamic pressure of the core stream, the coolant mass loss is evaluated as a function of the thickness
of the same and also the increased roughness (Fr) value of the free surface. The latter is then introduced onto the
convective heat transfer coefficient in the following way, as suggested by BonsZ2

28 1(x)
Cf(x)

= Proo%7 [1 + Fr(x)] (32)
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Figure 4: HRE entrainment schematic mechanism.

3.4 Complete Model Architecture, SID/V1

Having consolidated the architecture of the model outlined in Sec. [3.2]and in Fig. 3] The contribution of entrainment
is introduced in Eq. 26]and in Eq. 29] whenever an onset criterion for this phenomenon is triggered. Such a threshold
for the enhanced mass transfer due to entrainment is given as:
PO.S
X, >2109, X, = D e (33)
o (T) (Tg/TL,Saz) '

Where X, is defined as the entrainment parameter according to Karabeyoglu,* recalling the experimental data set and
post-processing by Gater.Z Whenever the X, parameter is greater than the threshold of Eq. entrainment is triggered
and droplets may detach from the liquid film-free surface. The loss in mass due to the mechanical shearing action is
evaluated as follows:

iy, (X) = 1.41-107° (X, - 2109) sz, (%) (34a)
" Pp Cy(x),67(x) pr(T)
i = 34b
mCl)()l(x) 2#(7-') ( )
At this stage, also the roughness is evaluated, following the treatment of Ref. 1% thus:
14.1 p%4
Fr P (35)

TG (T Tisa)

Having understood the modeling procedure for the new actors involved whenever entrainment is introduced, the sys-
tems of equations for the pre-saturation conditions, defined in Eq. [26] are modified as follows:

dT, i]¥o,(x) 1 .1 - 11
—— = = X) + X
dx = T CoaT) =~ T CogD) haa ) + om0
ar, .
—= =i, (x
d.x Enl( ) (36)
I'e(x) =2pL(T) ur(x)6.(x)
dzuL(x) duy(x) 1
0y 0, ur(x,0) = 0, ur(T) &y s~ 2 CrPp

11



DOI: 10.13009/EUCASS2023-648

LIQUID FILM COOLING ANALYSIS

In the post-saturation conditions, the same equations in system Eq. adapts accordingly. Hence in the presence of
entrained mass:

dT
—= =0 Ta> = Tisa
x

dl'y

E = _mEvap(x) - mEnt(x) 37
Tp(x) =2pL(TLsar) up(x) 61.(x)

dPuy (x) duy(x) 1
=0, ,0) = 0, TLsa) —7— =5GP

07 ur(x,0) ML(TLsar) &y |sw =2 7 Pp

In both situations, in the presence of entrainment, the convection heat transfer coefficient varies as suggested in Eq. [32]
Hence, for both pre-saturation and post-saturation conditions, the following formulations hold:

St (x) = %cf(x) Pro%7 (1 + Fr) (38a)
hg"(x) = Kru Gayg(x)Cpg S15"(x) = Ky Gayg(x)Cpg Sto(x) (1 + Fr) (38b)
RE"(x) = h§™(x) ]n(%) = hy(x) (1 + Fr) 1n(1 ;[H) (38¢c)

4. Model Validation and Results

The results of the S1D film cooling model are presented and discussed in this section. As a first step, the results deriving
from a specific data set are outlined. Such a data set is exploited as a benchmark for understanding the film cooling
ruling mechanisms.

First, the results of S1D in the absence of entrainment are presented and discussed. Later on, the validation process for
the entrainment phenomenon is carried out, using the large data set from Gater. Further, the outcomes, considering the
entrainment, are considered contrasting them with respect to the one from S1D/V0. As a last consideration, the model
for film cooling is largely validated using three different data sets:

e Morrel data set/** a LRE using LOX-LNH; as propellant couple and water as coolant. Four different tests are
replicated, namely tests: MT8-MT9-MT10-MT11. With MTS being the benchmark test for the early analyses;

e Kinney data set," an exhausted mixture of gasoline-air flowing in a fixed diameter duct. Water is employed as a
coolant. Four tests are replicated: KiT1-KiT2-KiT3-KiT4;

e Knuth data set®a stream of heated air, flowing in a 2.9” diameter duct, using water as coolant. Four tests are
replicated: KnT20-KnT45-KnT89-KnT109;

4.1 S1D/V0 Model Results

The results deriving from S1D/VO0 for Morrel’s test-8 are presented hereby, in the framework of understanding the
physical mechanisms behind film cooling, and its impact on the thin film ruling parameters.

Preliminary considerations are carried out on the energy-mass-related parameters, such as heat fluxes reaching the
coolant, its temperature, and flow rate per unit circumference (I'c). The latter is useful for assessing the liquid film-
cooled length, the distance the I'¢ reaches a null value.

Looking at solid lines in Fig. and Fig. [5b] the process for which the film absorbs enthalpy is justified. Temper-
ature increases monotonically, hence decreasing the total heat flux, whereas the coolant flow rate is constant since
no entrainment is considered. Once saturation conditions are reached, the temperature is constant and so is the heat
flux. However, the coolant flow rate features a monotonically decreasing trend toward the null value. In this context,
vaporization is triggered, hence the coolant starts evaporating producing hot vapors which have a positive effect on the
incoming heat flux. As a consequence, the generation of fuel vapors physically obstructs the convection mechanism,
drastically reducing the relative heat transfer coefficient, as suggested also in Eq. [31] via the blowing parameter H.
Further considerations can be inferred for the trends depicted in Fig. [f] The retrieved results concern the coupling
between mass and momentum relations for the thin liquid coolant. In fact, the thickness, average velocity, and exerted
shear stresses by the core stream are outlined.

12
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Figure 5: Energy-Mass S1D/V0 Results, Morrel Test-8%4

As it is possible to notice, the thickness varies with a monotonic decreasing trend as an effect of the vaporization,
mainly, once saturation is reached. The average coolant velocity follows an opposite trend as an effect of the increased
density during the pre-saturation condition, whereas a similar decreasing trend is followed during the post-saturation
conditions: the density of the film is constant and the coolant flow rate is reducing, as a consequence of the vaporization
process. Looking at the shear stresses, an adverse behavior with respect to velocity is found, as an effect of the relative
motion between coolant and gas.

4.2 Entrainment Validation Process

The data set from Gater” is simulated for the entrainment validation process. In this framework, a flow of heated
air (400° F, 477 K) is considered in a constant squared section, when methanol is injected close to the saturation
temperature for cooling purposes. The amount of remaining mass is simulated at the fixed distance of 10” (254 mm)
downstream of its injector, and compared with the experimental findings. Air is accelerated from 89 f¢/s (27.1 m/s) up
to 287 ft/s (87.5 m/s), and methanol is introduced with mass flow rate spacing between 0.04 [b/(ft-s) (0.059 kg/(m- s))
and 0.201b/(ft - s) (0.30kg/(m - 5)). Hence a coolant flow rate per unit width (slit aperture) is considered.

The Fig. [7]depicts the comparison between the S1D model when only the entrainment effects are considered. Since the
coolant temperature is close to the saturation, thus just entrainment may concur in the mass loss evaluation. Specifically,
the S1D retrieved numerical-mass flow rates are compared to ones of Ref.,” when different values of injected coolant
and different core stream velocities are considered. Looking at Fig. [7] the developed S1D model for film cooling, in the
presence of a pure shearing flow, is able of predicting with a good level of accuracy the experimental results. Looking
at the first two charts, namely 89-119 ft/s, S1D is capable of predicting the value of the retrieved mass flow rate with
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Figure 6: Momentum-Mass S1D/V0 Results, Morrel Test-8%*

a high level of accuracy. Instead, looking at the other charts, responsible for larger velocities, the prediction is still
good at low values of injected coolant mass flow rate. The predictions diverge above 0.2 kg/(m s), overestimating the
entrainment mass loss mechanism.

4.3 S1D/V1 Model Results

In the present section, the results of the SID/V1 model are presented, exploiting the same data set of Sec. [£.1} The
latter model foresees the presence of entrainment, for which the system to be solved is modified according to Eq. 36|
and Eq.[37]

Looking at the results gathered in Fig. [8] differences arise mainly in the coolant flow rate per unit circumference
(T¢, see Fig. and in the heat fluxes reaching the film surface (Fig. [8a). In the first part of the chart of Fig.
a global monotonic decreasing trend is observed, in conjunction with a mild reduction of the coolant flow rate, prior
to the saturation point. Hence, the unique mechanism for which mass may be removed is entrainment. This is also
justified by the enhanced convection (thus total heat flux), as an effect of the increased roughness due to the roll waves
mechanism.

All the previous considerations are better outlined in Fig. [T0] and Fig. [IT} The most evident difference lies in Fig.
where the decreasing trend in the coolant flow rate is largely enhanced, and, as a consequence the FCL is largely
curtailed. The latter reduces from an initial value of more than 225 mm to a new value of 159 mm, marking a relative
reduction of the —29 %.

Looking at the point for which the pre-saturation conditions are reached, a mild anticipation of the phenomenon is
witnessed in Fig. [TOb] As a further consideration, Fig. [[0a| precisely marks the augmented convection heat transfer due
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Figure 7: S1D/V1 validation of entrainment results”

to the aforementioned reasons. The peak value at the beginning of the film is enhanced by approximately the +11 %,
however, the convection heat flux, when entrainment is considered, is generally higher with respect to its counterpart,
when this peculiar mechanism is not conceived.

The effects of entrainment are also highlighted in the results grouped in Fig. [T1] As it is possible to notice in Fig. [[Ta]
the reduction in the thickness is most marked in the post-saturation region, as an effect of the largely reduced coolant
mass fraction. As a consequence, also the coolant average velocity and the shear stresses are largely influenced. In fact,
the velocity is experiencing a considerable reduction in conjunction with a largely enhanced shear stresses magnitude,
as a further effect of the enhanced roughness for which also the friction factor is increased.

4.4 S1D Versus Morrel Data Set

In the present section, the S1D model is employed for simulating the Morrel data set** Operating conditions for the
considered tests MT8, MT9, MT10, and MT11 are gathered in Tab. m As it is possible to notice, different values
of both core stream (7i1,) and coolant (7iz.) mass flow rates are considered, with a test pressure of 17 bar. Different
oxidizer-to-fuel ratios are considered, spanning over 1.41-1.75 interval, for which the stoichiometric condition is met
at O/F = 1.41.

Test ID.  ring [kg/s] . [kg/s] Pcclbar] OfF [-]

MTS8 1.689 0.0835 17.4 1.41
MT9 1.729 0.0835 17.1 1.51
MTI10 1.820 0.0925 17.9 1.75
MTI11 1.810 0.0943 17.9 1.67

Table 1: Operating conditions for tests from Ref/**

The results in Tab. [T] show the experimental FCL for each test. The experimental value is contrasted and compared
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Figure 8: Energy-Mass S1D/V1 Results, Morrel Test-8%4

with respect to both the S1D/VO0 and the S1D/V1 outputs. The experimental value for each test is recovered by means
of thermo-couples measurement as reported in the Reference %4

Test ID. Exp. FCL [mm] Grissom FCL [mm] Deviation [%]

MT8 188.0 246.0 +31
MT9 207.0 248.0 +20
MT10 204.0 277.0 +36
MTI11 217.0 280.0 +29

Table 2: Results from the application of Grissom’s model to the tests from Ref/**

Test ID. Exp. FCL [mm] S1D/V0 FCL [mm] Deviation [%] S1D/V1 FCL [mm] Deviation [%]

MTS 188.0 225.0 +20 159.0 -15
MT9 207.0 226.0 +9 159.6 -23
MT10 204.0 260.0 +27 176.9 -13
MT11 217.0 260 +20 176.8 -19

Table 3: S1D model results applied to Ref“* data set.

Looking at the reported results, focusing on the ones without the entrainment (S1D/V0), it is possible to notice a
discrepancy between the model and the experimental findings. As witnessed, the simplified version of the film cooling
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Figure 9: Momentum-Mass S1D/V1 Results, Morrel Test-8%*

model tends to overestimate the length for which the thin layer is still liquid. Reported numerical FCLs deviate in the
order of the 20 %, being in line with the averagely reported errors?2” Once entrainment is activated, the numerical
FCL reduces, as an effect of the enhanced convective heat transfer mechanism and the supplementary source of mass
losses. As extensively reported in Sec. [4.3] for which a thorough explanation of the occurring phenomena is discussed,
trying to explain the fundamental mechanism behind the new-reported behavior.

A relatively marked deviation between the model results and the experimental findings is reported. It is needed to say
that the FC models are highly influenced by a specific parameter: the Kz, (see Eq. B9), responsible for the enhanced
convection mechanism in the presence of a turbulent motion regime. Few indications are provided for the value of this
very specific parameter, whose extended expression is reported hereby:

Kry = 1 +4er (39)

Where the er is the effective free-stream turbulence, defined as the root mean square of the turbulent velocity. Refer-
ence” reports values in the range 0.05-0.20, depending on the length of the considered duct>'!' For the present case,
and for the ones in Sec. 5] and in Sec. [£.6]an average constant free stream turbulence intensity is considered, set to
0.10. Reference> provides similar results for the FCL, but without a clear statement of the turbulence values associated

with every single test.

4.5 S1D Versus Kinney Data Set

In this section, the data set from Refl> is exploited for the S1D model validation procedure. Considered tests and
their operating conditions are reported in Tab[ A water-film cooling investigation is carried out in 2” and 4”-diameter
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Figure 10: Energy-Mass S1D Results Comparison, Morrel Test-8%

round tubes.

Test ID. G, lkg/m?*s] T.lkg/ms] P[bar] TI[K]

KiT1 290.1 0.06 1.7 699.8
KiT2 273.9 0.10 1.7 922.0
KiT3 207.6 0.074 1.7 755.0
KiT4 2224 0.12 1.7 1033.0

Table 4: Operating conditions for tests from Ref!1>

In the KiT1-KiT4 data main strea fluxes vary in the range 209-290 kg/(m? s), and with temperature values, variables
between the 700-1033 K interval. Concerning the coolant, different flow rates per unit circumference are employed and
limited to the interval 0.06-0.12 kg/(m s). The results, for the present data set, are gathered in Tab. @

Test ID. Exp. FCL [mm] Grissom FCL [mm] Deviation [%]

KiT1 457.0 866.0 +90
KiT2 423.0 508.0 +20
KiT3 609.0 1067.0 +75
KiT4 423.0 547.0 +29

Table 5: Results from the application of Grissom’s model® to the tests from Ref!1>

As already witnessed for the previous data set in Sec. 3] quite different behaviors are registered whether the entrainment
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Figure 11: Momentum-Mass S1D Results Comparison, Morrel Test-8%*

is considered or not. In the absence of this phenomenon, the S1D/VO0 model tends to overestimate the liquid-protected
length; whereas the SID/V1 tends to underestimate the same value. In a portion of the cases, the inclusion of en-
trainment reduces significantly the relative deviation, in modulus. The latter values are much more in accordance with
Kinney’s experimental findings, rather than the ones computed by Grissom and reported in Tab. [3]

Test ID. Exp. FCL [mm] S1D/V0 FCL [mm] Deviation [%] S1D/V1 FCL [mm] Deviation [%]

KiT1 457.0 524.0 +15 3125 -32
KiT2 423.0 545.0 +28 297.3 -30
KiT3 609.0 819.0 +34 502.2 -18
KiT4 423.0 649.0 +53 364.8 -14

Table 6: S1D model results applied to Ref™> data set.

Again, the final FCL results are reported to be highly dependent on the free stream turbulence intensity. As for the
previous test cases, a constant 0.10 value is considered for the free stream turbulence intensity.

4.6 S1D Versus Knuth Data Set

In this last section, Knuth’s data set is considered for the S1D model validation. In this framework, similar experiments
to ones from Kinney are simulated. In this case, a constant-area duct with heated air is considered when water is
selected as the coolant. The performed tests are labeled as KnT20, KnT45, KnT89, and KnT107, whose operating

conditions are listed in Tab. [7]

19



DOI: 10.13009/EUCASS2023-648

LIQUID FILM COOLING ANALYSIS

TestID. v, [kg/s] e [kg/s]] Plbar] T [K]

KnT20 0.770 0.028 1.1 613.0
KnT45 0.390 0.024 1.0 900.0
KnT89 0.295 0.028 1.0 1230.0
KnT107 0.699 0.068 1.1 841.0

Table 7: Operating conditions in Ref.*®

The results for the considered tests are reported in Tab. [§]in terms of protected "numerical" length and relative devi-
ations for both the S1D/VO0 and S1D/V1 models. Differently from the other test cases, here the entrainment does not
strongly vary the FCL values, except for KnT20; where a marked reduction in the percentage deviation is witnessed.
In KnT45, the overestimation for S1D/VO0 and the underestimation for S1D/V1 are limited to the =3 %. Whereas for
KnT89 and KnT107 the FCL is always underestimated, thus highlighting the reduced influence of the entrainment
mechanism.

Test ID. Exp. FCL [mm] S1D/V0 FCL [mm] Deviation [%] S1D/V1 FCL [mm] Deviation [%]

KnT20 1459.0 2391.0 +64 1115.7 -24
KnT45 1357.0 1400.0 +3 1399.7 -3
KnT89 1456.0 1137.0 -22 1137.1 -22
KnT107 1396.0 1138.0 -19 1138.5 -18

Table 8: S1D model results applied to Ref1% data set.
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5. Conclusions And Future Developments

An extended open-literature review is presented, allowing for the comprehension of the physical mechanisms occurring
in film cooling when applied to liquid rocket engines. The presented models foresee either the evaluation of the liquid-
film-cooled length (FCL), or the wall temperature beneath the thin film. Both simplified models and more complex
ones are presented. The former®222% exploits global mass and energy balances to compute the interest quantities. The
latter,” instead, employs local balances to assess the film cooling capabilities.

Despite the simple basic physical mechanisms and the abundance of modeling techniques, the generated results lack of
accuracy. This closeness gap may be deputed to all the phenomena that are not precisely described or not considered
at all. One above all is the entrainment: the insurgency of roll waves over the film bore surface and the possible
detachment of liquid droplets as an effect of the shearing action exerted by the main flow.

For this fact, the present article aims at filling this modeling and accuracy gap, introducing a possible characterization
of this peculiar phenomenon. Hence, the hybrid rocket engine background, in liquefying fuels and relative stability, is
exploited for this purpose.

Following the large literature review, a thorough description of the fundamental physical mechanism for film cooling
is provided, starting from the model presented in Ref” In addition to this, a precise definition of the entrainment mech-
anism is provided, exploiting the modeling and experimental efforts of Karabeyoglu'# and Gater.” The energy, mass,
and momentum balances for the thin film are defined in order to fully characterize the axial evolution of temperature,
mass, velocity, thickness, and shear stresses. Therefore, a 1D space matching scheme is developed, employing the
aforementioned balances, using a local description, as widely explained in Sec. [3.4]and in Sec. [3.4]

Once the model is fully developed and described, a wide validation procedure is tackled replicating the different exper-
imental setups. The ones from Refs 21824 are exploited for validating the whole film cooling model. Moreover, the
one from Gater is introduced to fully corroborate the architecture for entrainment alone.

Concerning the retrieved results in Sec. [4.4] Sec. [4.5] and Sec. fi.6|better accuracy with respect to ones from Grissom
are already obtained with the basic version of the code: S1D/VO0. In his model, Grissom features quite large errors, up
to the ~ 80 %, when specific data sets'>?* are considered, and average errors > +30 %

When dealing with the simplified model S1D/VO0, the FCL is in general overestimated (as largely witnessed in open-
literature results), with errors in the +30 % range, with minor outliers above this value. Once entrainment is considered,
a marked reduction in the error magnitude is experienced in all the different test cases. In most of the cases, the
error magnitude is in general below the 20 %, when compared to the experimental results. This marks an enhanced
accuracy in the modeled mechanism, considering aspects that are in general discarded, due to the complex physical
relations engendering these phenomena. In general, when dealing with entrainment, the numerical FCL tends to be
underestimated with respect to its experimental counterpart.

Possible future developments are surely present, specifically for the entrainment-related part. In this framework, an
even finer modeling strategy may be implemented, precisely applied to the onset criteria for which this mechanism is
triggered. Moreover, a more consistent description of the free-stream turbulence has to be considered, due to the strong
influence of this parameter on the final FCL outcome.
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