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Abstract

In the scope of a film cooling analysis for future rocket nezzkexperiments with cooling gas injection into
laminar and turbulent flat plate flow have been conductedeaStiock Wave Laboratory RWTH Aachen
University. Laminar film cooling with an injection slot wasviestigated at dlierent blowing ratios, Mach
numbers and with dlierent cooling gases. For turbulent film cooling, blowingdsoand slotted injection
were studied, changing the blowing ratio and the Mach nuraberell. Cooling ficiencies were deduced
from heat flux data, and were correlated with a correlatiorction.

1. Introduction

Numerical simulations of rocket nozzle cooling by tanganilowing have been investigated by Martelli et al. for
turbulent flow [1]. They proposed a correlation of the coglimehavior dependant of the distance to the blowing
opening, the slot height, the blowing ratio and the ratio @fistant pressure specific heats. When looking at the
formula used, the blowing ratié and the slot heighé appear as a product, representing the massHlsas important
parameter. Although with flierent free stream conditions and accelerated flow, coecklzdoling dficiencies seem to
match well with the flat plate experiments of this work, acdgsed in chapters 2 and 4. Experimental investigations
were conducted by Keener et al. [2], investigating trardfmin cooling in a 2-D Mach 2 nozzle attached to a shock
tube. Their findings were that the boundary layer thicknessrhajor &ect on the wall heat fluxes. Transpiration of
coolant through a porous section of the wall leads to thiitigenf the boundary layer and a decrease of the heat fluxes.
On the other hand, high heat fluxes are reached when the flois gfigh the nozzle shock, where no boundary layer
is present. Keener et al. also observed higher heat fluxesutdion, decreasing the boundary layer thickness. Yang
et al. investigated laminar hypersonic film cooling numalic[3] and compared the results with experimental data
from Richards [4]. A low total temperature and static pressaf the main flow leads, to their opinion, to low heat
fluxes. The total temperature is incorporated via the regotemperature in the definition of the coolinffieiency,
describing this ffect. The static pressure is proportional to the static dgn$ithe main flow, when flow at the same
temperature is regarded. With the Reynolds number beingopaine correlation parameter used here, thisd is
described as well. Furthermore, Yang et al. reported ise@&ooling with an increasing mass flow of the coolant,
with the slot height being unimportant. This complies whike tesults presented in this paper as the coolffigiency
scales with the mass flofws rather than with the blowing ratiB or the slot widthsalone. In contrast to most available
experimental data film cooling in rocket engines takes pleite water vapor as main flow and a coolant film of either
either hydrogen or water vapour as well, as in the researdfidielli et al. proposing fuel pump engine exhaust gas
for film cooling [1]. To be able to transfer the knowledge lihea experiments with both gases being air to the case of
rocket engines, the influence ofidirent coolant and main stream gases has to be known. Theeeefesting campaign
has been conducted using fouffdient cooling gases with air as main flow. Furthermore the fimside a rocket
nozzle is accelerated and thus covers a wide range of Machensrand Reynolds numbers, so coolifiiceency data
was obtained for dierent flow conditions. The flow conditions were altered byngjiag the angle of attack of a flat
plate model with the leading edge shock reducing the flaeplédch number to the desired value. Investigated were
Mach numbers of 5, 26, and 49 with the corresponding Reynolds numbers & 3.9 and 63 mig/m.
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2. Theoretical basis

Investigations concerning film cooling commonly refer te tmon-dimensional coolingfléciency. It describes the
ratio of surface temperature decrease due to cooling anchéxénum temperature fierence possible, Eq. (1). The
temperature decrease the coolant achieves is expressaltbgcsing the adiabatic wall temperature with cooling,
from the recovery temperatufe representing the adiabatic state without cooling. Maxinoawling is achieved, when
the wall reaches the reservoir temperature of the coolisdga In the latter case both subtractions will be equal and
their fraction unity.
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This expression for the coolingfeeiency can be transferred to an expression for isothermadittons, mea-
suring the wall heat fluxes [5]. Thus, experiments with vergrs measuring time of a few milliseconds can be used
to obtain cooling #iciency data. The ratio of heat transfer fla@entsA,./A. can be approximated by unity, which
is valid for most of the blowing ratios investigated wih < 0.5 [5, 6]. To correct small deviations of free stream
conditions, Stanton numbers are used instead of heat fluxes.

n:l—%zl—i

Onede Stac

The cooling diciency is influenced by parameters like the blowing r&tjdeq. (3), the slot widtts, the cooling
gas density, the Mach number and the Reynolds number of threfloa.
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In order to predict and compare coolinffieiencies Goldstein presented a correlation function fdoulent
subsonic flow [6]. This correlation has been modified for tileht compressible flow, Eqg. (5), and for laminar com-
pressible flow, Eq. (4) [7], according to the reference terajpee method by Eckert [8] and Simeonides [9].
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This correlation shows dependencies of the coolifigiency on several factors. First of all, it has to be men-
tioned, thatf (¢) is a monotonic decreasing function, meaning that a highetation parameter implies a low cooling
efficiency. Thus, a large distance from the slot ekieads to a low coolingficiency. A high cooling gas mass fllss
increases theficiency as it serves as denominatokim high unit Reynolds number Rdas a positive influence on
the cooling as well. For laminar flow, an empirical factyX..:)>> has been introduced by Heufer to account for the
natural growth of the incoming boundary layer with; = x51° and both values in meters [7]. If gases other than that
of the main flow are used for cooling, an additional factor barintroduced, which leads to a correlation of experi-
ments with diferent gas properties. The original equations from Goldg&iinclude a gas factorpe/Cpc - Ke/ke to
be multiplied to the correlation parameterThis factor implies that gases with high heat capacitand low thermal
conductivityk serve as potent coolants. According to a previous work,, [d4liferent gas factor has been proposed
for laminar flow. Instead of the heat capacity and thermaticativity, gas exchange inbetween main flow and coolant
due to ditusion is assumed, with a lowftlision codicient D1, leading to high cooling ficiencies. This has been
observed by Sahoo previously when injecting into the stégmapoint of a blunt nose in hypersonic flow [10]. Fur-
thermore the coolant film thickness is believed to play a mae as mentioned by Keener et al. [2] and Gilhan and
Braun [15], as it shields the wall from the outer flow, thug #ipecific volume of the coolant is an important parameter.
Numerical calculations show that a much thicker coolant &stablishes, when helium is injected at the same mass
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flow than e.g. air, leading to lower heat fluxes. A high vistogihas a similar fect, as it thickens the coolant layer
as well. Theseféects combine to an additional cooling gas factor for theatation function.

1=1©); e =e(22) (5 ©
HJc\P120 /e

When plotted versus the correlation parameter, experirhersialts of diferent laminar film cooling experiments
are quite similar to each other and can be expressed by one fifeq. (7). The same holds for turbulent flow, with
another curve fit, Eq. (8). A similar correlation has beenduarted by Martelli et al. for an analysis of supersonic
injection in rocket nozzles, Eq. (9) [1]. In this case, tamigg injection takes place in the first part of a dual bellzlez
in a turbulent Mach 5 main flow. The flow accellerates to a Mach number.883efore entering the second bell.
Values for the correlation parametgrare about 33 times higher than those for the correlation(&qThe reason for
this are missing factors in the correlation function camitag, for instance, the Reynolds number. More details on the
results of Martelli et al. are given in section 4.
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3. Experimental setup

Experiments were conducted usingdfeient flat plate models mounted on a wedge carrier. The @atelined to the
free stream with an adjustable angle and a leading edge ssteklishes. This shock reduces the Mach number of
the free stream from 8 to a flat plate flow lgfa = 1.5, 26 and 49. The inclination angles used to obtain these Mach
numbers were 40 30° and 153, respectively. Due to the change of the leading edge shoekgth, diferent Mach
numbers imply dferent densities and temperatures on the flat plate. Alortgthwt temperature, the viscosity changes
as well. Theseféects lead to a variation of the unit Reynolds number whengihgrthe Mach number. Therefore the
Mach numbers oMa = 1.5, 26 and 49 come along with unit Reynolds numbers d?,34.9 and 63 milliongm. The

flat plate is equipped with fferent injection slots or a set of blowing holes, all sharimg $ame length of 120 mm to
ensure a two-dimensional cooling gas flow on the centerdfritbe model. Thermocouples are used to record surface
heat flux changes due to cooling. For the laminar film coolixgeeiments, an injection slot of 0.5 mm width and an
inclination of 45° to the flat-plate flow has been employeé,Sig. 1a). For experiments with turbulent boundary layer
flow, a tripping device is necessary, therefore a strip ofipaper is inserted close to the leading edge. Investigation
were conducted with a blowing slot of small inclination angf 10, see Fig. 1b). Two rows of staggered blowing
holes have been investigated as well, with the holes benulipéd at 45 to the plate flow, see Fig. 1c)

The models are placed in the shock tunnel TH2, which provid®tach 8 flow for a short duration of a few
milliseconds. The flow reachdg = 1200 K and Rg. = 2.6 mig/m [11] [12] with the low enthalpy condition used.
The facility consists of a classical shock tube with a nozttached, that ends in a vacuum chamber containing the
model, see Fig. 2. The shock tube is driven by helium at 10 MRhAe high pressure section, separated from the low
pressure section by membranes prior to the experiment. fidigeint shock from the high pressure section triggers
the measuring equipment and reflects in front of the nozzmpeessing the test gas to the stagnation state of the
nozzle flow, in this case 6 MPa. As described at the beginnirigi® chapter, the Mach 8 nozzle flow is deflected
by the leading edge shock of the wedge model, leading to arlb¥eeh number for the flat plate flow. In order to
guarantee a uniform flow for turbulent cooling experimemfared thermography was used to record the temperature
distribution on the model surface during the experimentsaA example, Fig. 3 shows a picture of film cooling using
two rows of blowing holes. At the leading edge a laminar baugdayer establishes which gets disturbed by a strip of
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Figure 1. Wedge model with a) 45lot blowing for laminar flow, b) 10slot blowing for turbulent flow and c) two
rows of 45 inclined blowing holes for turbulent flow.
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Figure 2: Sketch of the Shock Tunnel TH2.
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Figure 3: Infrared temperature image of the model with bfapholes in turbulent flow. Ma= 2.6, Rg, = 4.9 migym
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sandpaper. Right downstream of the sandpaper, high sudageeratures indicate a turbulent boundary layer. In the
region downstream of the blowing holes, the temperaturedéseised due to the cooling gas. Boundary layer tripping
and cooling both appear uniform over the length of the mptted perforated area.

During the experiments, temperature histories are reddogeneans of thermocouples. From the temperature
signals, heat fluxes are deduced. In order to calculate tengcefficiency, reference experiments without cooling are
needed. Those are performed after a series of experimethtghei blowing slot being filled with glue to avoid steps
and cavities which can cause flow disturbances. Fig. 4 shosvisdat fluxes from those reference experiments without
blowing for all experimental conditions tested in this repdleasured values scatter around theoretical curvesicalc
lated with semi-empirical equations by Simeonides [9].t B&the scatter can be explained byfdrent sensitivities
of the thermocouples, wich cancels out when the coolifigiency is calculated. It can be seen, that turbulent heat
fluxes exceed the laminar ones, as expected. Their laff@atice leaves no doubt, that triggering of the boundary
layer in the case of turbulent flow is successful. Becausdtdneh number is adjusted by the inclination of the model,
thus, the strength of its front shock, lower Mach numbersrkethe shock lead to higher heat fluxes, due to increased
static temperature of the flow. For the Mach numbe8s 26 and 15, static temperatures amount to 230 K, 510 K
and 810 K.

50 971

\ @ Turbulent, Ma = 1.5, Re = 2.6 Mio/m = = Theory of turbulent flow, Ma = 1.5

\ ‘\ ® Turbulent, Ma = 2.6, Re = 4.6 Mio/m = = Theory of turbulent flow, Ma = 2.6
0 ‘\ \\ A Laminar, Ma = 2.6, Re = 4.3 Mio/m ——Theory of laminar flow, Ma = 2.6
\ N g A Laminar, Ma = 4.9, Re = 4.8 Mio/m ——Theory of laminar flow, Ma = 4.9

[N w
o o

Heat flux q [W/cm?]

N
o

0 20 40 60 80 100 120 140 160
Distance to the leading edge x [mm]

Figure 4: Reference experiments without cooling gas iigacand theoretical values calculated with semi-empirical
equations from Simeonides [9].

4. Experimental results

To demonstrate theffect of diferent main stream conditions, experiments with the samaiibdpratio in turbulent
boundary layer flows with dierent Mach nhumbers have been compared, Fig. 5. As describdhpter 3, Reynolds
numbers changed as well. Heat fluxes for the lower Mach numtradition Ma= 1.5, Rg, = 3.0 mig/m are higher
than those for Ma 2.6 and Re: 4.9 mig/m. Since reference heat fluxes are higher as well, fiececancels out
when calculating the coolingfiéciency according to Eq. (2). Using the correlation functee. (5) will shift the
values to make them fit to one curve, especially in the parbwfdistances to the slot exit. Fig. 6 shows correlated
data of experiments with flerent blowing ratios and Mach numbers, with the previousigwan experiments for
the Mach number comparison marked as triangles. A logaittlsrale has been chosen to emphasize the region
of low correlation parameters, where the coolifiogency is high. In this region coolingfiéciency drops fast and
high gradients occur, thus, an enlarged scale helps re#iténdata in this region. Because correlated results show no
difference anymore, the influence of the Mach number is repexsbgtthe corresponding factor used by the correlation
function. For the case dfla = 1.5 we obtainedC* = 1.10, T/T* = 1.28 and Rg = 3.0 migym. This gives a factor

of (C*/Re,)%%(Te/T*)%¢ = 0.060m°2. For the case oMa = 2.6 we get a factor ofG*/Re,)*?(Te/T*)%6 = 0.044m"2

for C* = 0.98, T¢/T* = 0.95 and Rg = 4.9 migym. When the same coolindiiency is reached with an identical
correlation parameter atféierent Mach numbers but for the same blowing ratio, the runléngth must be dlierent.
Since the C*/Ra,)%%(T/T*)%® factor is for Mach 26 flow 0.74 times as high as for the Mach51flow, x'°8 must
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compensate for that witlR’ beeing 145 times higher in the case of the higher Mach number. Thidié@mphat the
cooling dfect will extend further downstream for the combinefteet of higher Mach and Reynolds numbers, as
shown in Fig. 5.
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Figure 5: Heat fluxes of experiments affdient main stream Mach numbers and their coolifigiency in turbulent
flow.
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Figure 6: Cooling #iciency of air injection at dferent blowing ratios and Mach numbers for turbulent flow.

Film cooling in turbulent flows has been numerically simethpreviously by Martelli et al., as mentioned in
chapter 2. Although the flow Mach and Reynolds number &feréint, a correlation similar to Eq. (5) is applied and
a curve fit is used, Eq. (9). However, in contrast to this workrtdlli’'s correlation doesen't contain the previously
mentioned flow condition facto/Re,)%%(Te/T*)%¢, and scales witlx’ rather tharx’®8. Fig. 7 shows results of the
rocket nozzle simulations [1]. In order to compare the datien used, the flow condition factor has been calculated
for Martelli's flow. Since an adiabatic wall is simulated teethe wall temperature changes with the distance from
the blowing opening. At the slot exit, the wall reaches cobtamperature and a coolingfieiency of 1, whereas far
downstream the wall reaches recovery temperature;an@. Because the wall temperature is a part of the reference
temperaturel *, which also appears in the Chapman-Rubesin faCtothe flow condition factor starts at@B2 and
changes continuously till it reache€80. Another problem are changing flow properties due to rdipg flow (not
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incorporated in the flow condition factor fgr= 0, because the running length of coolant film breaking vawiés the
blowing ratio). Therefore, coolingfléciency is compared in the vicinity of the blowing opening,es high blowing
ratios are present an€{/Re,)*%(Te/T*)%® = 0.032 is assumed being constant. Because this factor is migsin
Martelli’s correlation, his correlation parameter hasrbewiltipied with 0032 before inserting it into the curve fit of
this paper, Eq. (8). The only fiierence left is the slightly fierent running length parametex,instead ofx®8. The
resulting curve can be plotted next to the data of [1] and eas ladded to Fig. 7. The comparison shows, that the point
where cooling fficiency starts to drop matches pretty well, maybe due to thenagtion ofy ~ 1 for the flow condition
factor still beeing valid at this point. The decrease itseffredicted to be more rapidly by the curve fit proposed by thi
paper. The reason for this could be the expansion of the adlzl, delivering higher coolingficiencies for higher
Mach numbers, just like the shock compressed flow of this wloks. Thus, higher coolindtiencies than expected
occur at positions further downstream, where the Mach nuistiégher than the Mach number at the blowing exit.
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Figure 7: Cooling fiiciency of rocket nozzle cooling &fla, = 3.65 by Martelli et al. [1]. Labels changed and curve
fit Eq. (8) added. In this cas®is the slot height divided by the throat radius, giving a riorehsional value.

Whilst the agreement of correlated results for slotted filmliog experiments is quite good, investigations with
two rows of 45 inclined blowing holes show a lower coolingfieiency for both Mach numbers tested, as shown in
Fig. 8. As mentioned by Linn and Kloker [13], a complex vortructure is formed around blowing holes, leading
to enhanced mixing with the turbulent boundary layer. Th&lks to a faster heating of the coolant and lower cooling
efficiencies. Furthermore the inclination angle of the holegfcompared to 10for the inclined slot and the smaller
slot width of 1 mm compared to.Z mm causes a higher blowing impulse perpendicular to théwlath leads to
enhanced mixing of the flow.

Cooling in laminar boundary layer flow has ben investigataddifferent blowing ratios and Mach numbers as
well [14]. For laminar flow a diterent correlation is used, Eq. (4), as the laminar boundaumations show dierent
behavior than the turbulent ones. The dependencies of tiimgaticiency can be expressed by the factors contained
in the correlation parameter, like in turbulent flows, soretated data follows one curve, approximated by a curve fit
for laminar film cooling Eq. (7). Correlated data is shown ig.P along with the curve fit. Experiments withiirent
cooling gases showed that light gases lead to a high cooltigiemcy. This has also been observed for Helium by
Gilhan and Braun in experiments with transpiration coothmpugh porous media [15]. They believe that the seven
times higher volume flow of Helium when injecting at the sarteMing ratio is the reason for the significantly better
cooling behavior. A cooling gas factor, Eqg. (6), has beenleysal to correlate data of experiments withteient

cooling gases, meaning that the influence of gas propegiepresented by this factor rather than by the correlated
plots, see Fig. 10.
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Figure 10: Cooling ficiency of diferent coolant gases, correlated using a coolant gas factor.
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5. Conclusion

Film cooling experiments at a flat plate supported by a wedgdaihave been conducted for various experimental
setups. From previous works, the dependency of the coolass fitowF x s on the cooling &iciency is well known
and a higher mass flow provides higher coolifiicgencies, for both turbulent and laminar flow. A variatiorttod main
flow Mach number by changing the preceeding shock compmressiowed, that higher Mach numbers lead to higher
cooling dficiencies, for both flow regimes. Investigations with two soef blowing holes in turbulent flow delivered
lower cooling dficiencies than for slotted blowing at the same conditionsinastigation of diferent cooling gases
has been conducted for laminar flow, and a cooling gas fastprdposed. The described dependencies of the film
cooling dficiency have been incorporated in two correlation functi@enaminar one and another for turbulent flow.
The factors of the correlation functions describe the ddpeaies of the film coolingfciency on various parameters
whereas correlated coolingfieiencies cluster around one curve. However, not all pararmmetre yet incorporated in
the correlation. Injection through blowing holes, for Brste, shows lower coolingfziencies than predicted. This
report is ment to be another step to understanding of thegalyefects that take place in film cooling, with the goal to
improve future applications such as rocket nozzle coolfgrther research will focus on tangential film cooling and
the influence of the blowing angle on the coolirf§@ency.
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