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ABSTRACT 


In the past few years, the interest in minimizing 
energy utilization has been reduced due to the easing 
of oil prices and the current oil abundance. However, 
interest in the ability of heat exchangers to increase 
process efficiency and flexibility is continuing. Cer
amic materials have the potential of extending the 
application of heat exchangers to higher and more 
corrosive environments. The use of ceramic materials 
in any application, however, must be justified by 
comparing the benefits and costs including special 
des ign practi ces required to accommodate the bri ttle 
nature and variable strength of ceramics. This paper 
rev iews some of the more recent Solar Turbines Incor
porated (Solar) ceramic heat exchanger designs, the 
targeted applications and design philosophy. 


NOMENCLATURE 


n constant in heat transfer correlation (Fig. 1) 

NUb Nusselt number 

Pr Prandtl number 

Reb Reynolds number 

Ta Average gas temperature (OK ) 

Tw Average tube wall temperature (OK) 



INTRODUCTION 


Solar Turbines Incorporated (Solar) has been advan
cing the use of structural ceramics in heat exchangers 
and gas turbines for over ten years. This work has 
involved both the advancement of the ceramic heat ex
changer as a system component and the de velopment of 
supporting technologies in such areas as joining, struc
tural life prediction, and ceramic material corrosion. 


This paper presents a brief overview of Solar's 
ceramic heat exchanger development work. On the system 
level, two different heat exchanger concepts are des
cribed. The first design reflects a tube-in-a-tube 
configuration specifically designed for corrosive en
vironments where frequent tube inspection and cleaning 
may be necessary. The second concept is a pure counter-


flow design more amenable to non-corrosive applications 
where good tube durabi Ii ty is expected. Also presented 
are brie f summaries of Solar's activities in technology 
areas that support the cerami c heat exchange deve lop
ment efforts. 


ECONOMIC CONSIDERATIONS 


Ceramic materials have the potential in overcoming 
the limitations of metallic heat transfer surfaces 
allowing heat exchangers to operate in more corrosive, 
higher temperature environments. The use of ceramics 
in t he extension of a heat exchanger operational envel
lope must be justified by examining the potential costs 
and benefits. Potential increases in costs include 
higher material costs and costs of design alternations 
to accommo date the brittle nature of ceramics and the 
variable strength of nominally identical ceramic parts. 
The benefits usually include higher system efficiencies 
and longer heat exchanger life. Therefore, economic 
consideration should account for these benefits by 
using life cycle costs or return on investment eco
nomics. 


DESIGN CONSIDERATIONS 


Heat Transfer 


In general, the thermal design and analysis of a 
ceramic heat exchanger is similar in nature to the anal
ysis of a metallic unit. Typically, conventional heat 
transfer correlatio ns are appropriate. However, work 
conducted at Solar has demonstrated that the extreme 
surface roughness of certain ceramics can result in 
surface heat transfer characteristics that differ from 
published forced convection correlations for smooth 
tube (Refe rence 1). 


Figure 1 illustrates typical internal surface heat 
transfer data non-dimensionalized using Nusselt num
ber for ceramic tubes of silicon carbide. The alpha
silicon carbide tube had an extremely low level of 
interior surface roughness and is well characterized 
by conventional smooth-tube, forced convection corre
lation The NC-430 tube was characterized by a high 
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FIG. 1 COMPARISON OF SURFACE HEAT TRANSFER 
CHARACTERISTICS OF SiC TUBES ;2) 


degree of surface roughness due to the diffusion of 
excess silicon to the tube inside surface during fabri
cation . This surface roughness results in a significant 
deviation of surface heat transfer coefficient from 
smooth tube behavior. correspondingly, tube-side pres
sure drop increases above the smooth tube level. 


To predict ceramic heat exchanger performance acc
urately, it is necessary to establish initially whe ther 
smooth-tube correlations are appropriate . Where sur
face roughness magnitudes are high, modified heat trans
fer correlations reflecting this roughness should be 
employed. 


Structural Analysis 


The failure of structural ceramic components under 
stress is probabilistic in nature. No unique fracture 
stress characterizes a specific component design. In
stead, there is a finite probability of failure (POF) 
associated with any tensile stress design limit adopted 
for a ceramic component (ignoring the possibility of a 
fracture stress threshold). Failure probability can be 
analytically estimated using: 


F = 1 - EXP (-R) 


where F is the failure probability and R is the risk of 
rupture. 


R is defined using 


R = ~ (O"/O"o)m d¢ 


where 0" is the local stress , ¢ represents either speci
men volume or surface area , and m and 0"0 are the Weibull 
parameters characterizing the ceramic materials. 


Heat exchanger component design initially involves 
establishing the state of stress of the component 
through either analytical models or finite element 
stress analysis. Component POF is then determine d 
through Weibull analysis. An interative design method
ology is employed to ensure that the component POF is 
below an established design criterion. References 2 
and 3 contain more detailed descriptions of design 
methodology and Weibull analysis. 
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Ceramic-Ceramic Joining 


Because of the size of certain industrial ceramic 
heat exchanger components, a need exists to be able to 
join ceramic parts. CUrrent technology includes brazing 
and mechanical joining . 


Brazing similar ceramic geometric shapes has proven 
very successful. Used in a Solar high pressure ceramic 
heat exchanger to join 2.1 and 2.4 meter (7 and 8 foot) 
tubes to form the required 4.57 meter (15 foot) tubes, 
a telescope ceramic tube braze joint was made with a 
silicon based braze alloy. Shown in Figure 2 is a 
schematic of two silicon carbide tubes of the same 
diameter, joined together using a larger diameter tube 
slipped over the joint area of the smaller diameter 
tubes with the braze alloy in the interface between the 
larger and smaller tubes. 


~ 


FIG. 2 ILLUSTRATION OF A CERAMIC-T O-CERAMIC 
BRAZED JOINT 
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Many different mechanical joint designs connecting 
two different ceramic components have been developed 
including ones using compliant interlayers and gaskets . 
An example of a mechanical joint used by Solar was a 
ball and socket spherical joint connecting ceramic 
tubes of a high pressure heat exchanger to a tubular 
ceramic header. The partial spherical surfaces were 
diamond ground to form the mating convex and concave 
Surfaces. This joint like most in this class requires 
a mechanical load to hold the sealing surfaces together. 
By having a joint construction in this manner, differ
ential expansion can be accommodated while still main
taining a seal . Since this joint can accommodate 
differential expansion, it can be used to interface 
ceramic with metal components. 


Solar has successfully used ceramic jOints in a 
high pressure heat exchanger and a radial gas turbine. 
Figures 3 and 4 illustrate spherical joints used in 
the heat exchanger and Figure 5 shows a partial view of 
the ceramic turbine nozzle assembly from a Solar 10 k\~ 


turbine engine. The nozzle guide vanes are recessed 
into slots in the Hastelloy-X nozzle shrouds . Glass 
is used between the ceramic vane and metal shroud to 
interface the two materials. 


Ceramic Metal Interface 


While the mechanical joining technology can be 
used to join ceramics and metal comp'onents, to achieve 
a gas tight seal often requires design complexity and 
expensive machining. 


Two new technologies are currently being developed 
which allow the direct bonding of ceramic to metaL 
These develof"'ents involve the use of high temperature 
cements and braze alloys with metalization of ceramic 
surfaces. 


Solar has recently completed tests of a full-size 
ceramic heat exchanger module, where the ceramic tubes 
were permanently bonded to metallic sleeves. These 
sleeves were threaded on one end which allowed the 







FIG. 4 	 CERAMIC-TQ-METAL SPHERICAL BALL AND SOCKET 
JOINT (5) 


(A) 


(Nozzle inner shroud, nozzle outer shroud not shown) 
Joint: Ceramic nozzle inserts (HPSN; arrow)/superalloy 
nozzle shroud plate (Hastelloy X); partially assembled 
prior to firing glass interface (Solar Gemini) 


(B) 


FIG. 5 	 CERAMIC/SUPERALLOY NOZZLE PARTIALLY ASSEMBLED 
PRIOR TO FIRING GLASS INTERFACE (SOLAR GEMINI 
APU) (6) 


FIG. 6 FULL-SIZE CERAMIC REUPERATOR MODULE (7) 


ceramic tubes to be threaded directly into a metallic 
tube sheet. The module, shown in Figure 6 in Solar ' s 
test facility, completed thermal cycle and performance 
tests with firing temperatures in excess of 1371°C 
(2500 of). 


DESIGNS TESTED AT SOLAR 


Tube- in-a-Tube 


Heat exchanger designs developed by Solar for both 
low and high pressure applications have applied many 
unique technologies in the use of ceramic materials as 
the heat transfer surfaces. The major design road 
blocks in applying ceramics are accommodating the 
brittle nature of the ceramics and the differences 
between metal and ceramic thermal expansion character
istics. Solar's tube-in-a-tube design addresses both 
of these problem areas. 


Marty ceramic heat exchanger designs use floating 
ceramic tube sheets or spring loaded mechanical joints 
between tubes and tube sheets to accommodate for thermal 
expansion. These approaches have shown merit, but have 
added complexity and cost to the design. Other designs 
locate the connection between ceramic and metal compo
nents outside of the heat exchanger . This requires the 
use of expensive ceramics in areas where their benefits 
are not required. 


Solar's tube-in-a-tube design, shown in Figure 7 
is based on a self- contained module. The module is 
made from up to 16 ceramic closed end tubes permanently 
bonded to metal sleeves. The threads on the end of the 
metal sleeves allow each ceramic tube to thread easily 
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FIG. 7 INDUSTRIAL CERAMIC RECUPERATOR MODULE 


into a metallic header. The header assembly directs 
air in the upper chamber into a metallic tube extending 
down, inside the ceramic tube. The air exits the metal 
tube at the opposite end of the ceramic tube, flows up 
in an annulus formed by the ceramic and metal tube and 
exits the ceramic tube into the header assembly lower 
chamber. The permanent bond is an air tight seal that 
accommodates the differential expansion differences 
between ceramic and metal, and allows the tubes to be 
hung through an opening in the top of an exhaust gas 
stream ducting. In this way, only ceramic components 
are exposed to a potentially corrosive environment. The 
modules can be easily removed by lifting the entire mod
ule with an overhead device thereby exposing all ceramic 
components. The tube can then be unthreaded from the 
header for replacement. Solar is advancing this concept 
for both low and high pressure applications. 


A prototype tube-in-a-tube design, shown in Figure 
7, has been conf igured around a standard module, and 
Solar's ability to permanently bond ceramic to metal. 
This design has been tested at Solar with firing temp
eratures in excess of 1,371°C (2,500 0 F). Over 300 
thermal cycles have been accumulated on this test 
module. 


The freedom that this bonding technology gives to 
the design is that it allows the tube to hang from a 
metal header, freeing the tube to move without causing 
stress concentrations. It also allows simple replace
ment of tubes after module removal from a refractory 
lined box. This is illustrated in Figure 7. A possible 
arrangement of the module in an installation is shown 
in Figure 8. 


RECUPERATOR 
EXHAUST 


FIG. 8 POSSIBLE RECUPERATOR-FURNACE CONFIGURATION (7) 


A full-size heat exchanger containing 32 modules 
will start field verification tests in an actual produc
tion facility in October 1985. 


Bare Tube Axial Counterflow Design 


An axial counterflow ceramic heat exchanger con
cept was designed to heat high pressure air above 
1093°C (2000°F) by removing energy from dirty high tem
perature [<1371°C «2500°F)] gas streams produced from 
the combustion of low grade solid fuels. The design was 
based on heat exchanger specifications developed for an 
indirectly heated gas turbine (IHGT) cycle. In this 
application, the heat exchanger would receive high 
pressure air from the turbine compressor at approxi
mately 426°C (800°F). It would be required to heat the 
air to 1093°C (2000°F) for use by a gas turbine. The 
heat exchanger test module used 4.57 meter (15 foot) 
long silicon carbide tubes made from separate 2.1 and 
2.4 meter (7 and 8 foot) sections. The hot end tube 
sheet was a four-inch diameter silicon carbide "closed 
end" tube, which had transition nipples for 28 tubes. 
This module represented a 1% full size slice of an 
actual heat exchanger required by a 10 MW iHGT package. 


The cold end tube sheet was metallic. Individual 
metallic expansion bellows together with a metallic-to
ceramic spherical ball and socket jOint made up the 
ceramic-to-metal transition assembly. The test instal
lation is shown in Figures 9 and 10. 


The heat exchanger was first f ired on number two 
diesel oil for 150 hours. Firing temperatures of 
1426°C (2600°F) increased the 6.8 atmospheres (100 
psia) product air temperature to 1204°C (2200°F). The 
second test consisted of operating this system by pro
viding hot gases from a pulverized coal burner. NO 
separation of the ash was provided in the system there
by allowing the total ash content to pass through the 
heat exchanger. This was done to accelerate ash depo
sition. The test's purpose was to identify ash accumu
lation areas. Twenty-five hours of continuous running 
were completed before cleaning was required. This test 
did verify that the spherical mechanical joints used in 
this design as well as the brazed joints did not leak. 
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28-TUBE NC-240 SiC CERAMIC HEAT EXCHANGER WITH 
A NC-430 SiC CERAMIC HEADER (8) 
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Ash, from the hot gas stream, accumulated uniformly 
around the joints. If air was escaping at the joint, 
there would have been an interruption in the ash accum
ulation on the tube/joint surface. 


Finned Tube Axial Counterflow Design 


In addition to the bare ceramic tube configuration 
described above, the counterflow ceramic heat exchanger 
has also been used to assess finned ceramic tubes (3). 
The heat exchange r was modif ie d to accept 3 meter (10 
foot) long, axially finned, sintered alpha silicon 
carbide tubes. For these tests, a hybrid ceramic/metal 
heat exchanger tube assembly concept was adopted. The 
concept involves the use of metal tubes in low tempera
ture regions to minimize the use of ceramics. In this 
configuration, the 3 meter (10 foot) finned ceramic 
tube sits atop the 1.5 meter (5 foot) metal tube (Fig. 
11). Joining of the ceramic and metal tubes is by 
means of a spherical ball and socket jOint. 


HOT 
I GAS 
, IN 


CERAMIC 


HOT ~HEADER 
A I R ~ 'l1t:!;:!:::::::;;:::::!;i 
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I AXIALLY FINNED y,.--- CERAMIC TUBE (14) 


REFRACTORY 
SHELL 


GAS OUT 
LOW TEMPERATURE ~ 


FIG. 	 11 HYBRID FINNED CERAMIC/METALLIC TUBE HEAT 
EXCHANGER CONFIGURATION (9) 


The axial fin configuration evaluated is shown in 
Figures 12 and 13 . The design reflects the incorpora
tion of twelve 0.64 cm (0.25 in.) triangular shaped 
fin.s on a 2.54 cm (1 in.) outer diameter and 1.91 cm 
(0.75 in.) inner diameter ceramic tube. The triangular 
fin shape was selected as a result of thermal shock 
tests which demonstrated the greater thermal shock 
resistance of the triangular fin than a rectangular 
fin. The 0.64 cm (0.25 in.) fin height was selected as 
a compromise between heat transfer enhancement and test 
rig space constraints. With the adopted tube geometry, 
the heat exchanger could accept a tube bundle contain
ing fourteen finned ceramic tubes (Fig. 14). 


Two series of heat exchanger tests were performed. 
The first investigated shell-side fouling through coal 
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FIG. 14 	 TUBE BUNDLE GEOMETRY FOR FINNED CERAMIC 
TUBES (9) 


FIG. 12 	 CROSS-SECrION OF FINNED CERAMIC TUBE AS 
FABRICATED (9) 


FIG. 13 	 EXAMPLES OF FINNED CERAMIC TUBES (9) 


firing of the heat exchanger. Testing was conducted at 
a shell-side inlet temperature of 1261°K (1S10°F) and 
atmospheric pressure. Coal flow rate was on the order 
of 32 kg/hr (70 lb/hr) and tube-side exhaust tempera
tures were near 1106°K (1530°F). A low sulfur, 6.5% ash, 
pulverized bituminous coal was employed. Complete coal 
specifications are presented in Reference 3. 


A series of ten hour tests was conducted to examine 
the fouling tendencies of a number of tube bundle geom
etries. The tests indicate that the axial fins do not 
result in any observable increase in tube fouling 
relative to bare tubes. Over the majority of tube 
length, very little fouling occurred (Fig. 15). Rela
tively high rates of fouling occurred immediately down
stream of the ceramic header due to the high turbulence 
levels in the header wake flow. This fouling is easily 
removed by soot-blowing. 


The second test series evaluated heat exchanger 
performance using natural gas. Shell-side temperatures 
to 1260°C (2300°F), tube-side temperatures to 1148°C 
(2100°F), and tube-side pressures to 4 atmospheres (60 
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FIG. 15 	 AXIALLY FINNED TUBE FOULING TEST RESULTS (9) 


psia) were achieved. Test results demonstrated that 
the axial finning of ceramic tubes is an effective and 
predictable method of enhancing heat transfer. 


APPLICATIONS 


Industrial Recuperator 


The exhaust environments of many industrial proces
ses are very corrosive and metal alloy temperatures in 
these environments must be restricted in some cases 
below 537°C ( 1000 OF) . Ceramics in many environments 
are more resistant to corrosion than metals and allow 
operating temperatures above S15°C (1500°F). Two indus
trial environments that are currently receiving atten
tion aluminum and primary glass furnaces. These envir
onments, with temperatures ranging between 1204°C 
(2200°F) to 1593°C (2900°F), often contain highly reac
tion chlorine and fluorine ions. Ceramic recuperators, 
designed to handle the corrosive and particulant gas 
streams have the potential to save 1.5 x lOla kw/hours 
(5 x 103 Btu) per year (11) . 







Indirectly Heated Gas Turbine 


Modern, high efficiency, 
been designed to operate on 


gas turbine engines have 
clean fuels that do not 


Cause corrosion, fouling, or erosion of the hot turbine 
section. The range of fue ls has been extended to a 
Very limited extent by careful control or neutralization 
of potential corrosive agents such as sodium and vana
dium. Economic factors are forcing examination of 
lower grade fuels. 


Earlier attempts to direct-fire a gas turbine with 
coal were terminated in the early 1960s because of the 
erosion and fouling that occurred. More recent work on 
direct firing has been through the PFBC, where the coal 
is burned in a fluidized bed with limestone to fix the 
sulfur to meet environmental requirements (11). Two 
factors limit the acceptability of this solution. The 
first is that the outlet gas temperature is limited to 
954°C (1750°F) by factors such as clinkering in the bed 
and sulfur capture efficiencies. The second is uncer
tainty that conventional cleaning by mUltiple cyclones 
will maintain adequate cleanliness on a continuous 
basis. 


An alternate approach to firing a gas turbine with 
dirty fuels is indirect firing. Figure 16 shows a 
schematic of such a system. The gas turbine's compres
sor discharge air is passed through one or more tubular 
heat exchangers fired externally by a coal combustor. 
The system includes heat recovery from the exhaust by a 
waste heat boiler and steam turbine using a once-through 
cycle. Particular importance is attached to the opera
tion of the "gas" turbine on clean air. Analyses 
suggest that at least a 28°C (50°F) higher inlet temp
erature may be possible by an improvement in the com
bustion pattern factor and the avoidance of accelerated 
corrosion or fouling. After expansion through the 
turbine, the warm air is then used to supply the combus
tion air to the coal combustor. It is evident that 
this clean and warm air ( 427°C)( 800°F) could be used 
for other purposes if desired. Figure 17 shows some of 
these alternatives. 


COMPAESSOS'I 
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FIG. 16 INDIRECT EXHAUST COAL-FIRED COMBINED 
CYCLE (10) 
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AIlstract 


Four correlations which cover the ranges of 
liquid to gas for turbulent flow convection of 
hydrogen were compared with CFD analysis over a 
range of expected design conditions for active 
cooling of hypersonic aircraft. The correlations 
compared here are those of .t:W.~s & K u n z, 
McCarthy & Wolf, Miller. Seader...&. Trebes, and 
IaylQI. Analysis of hydrogen cooling in a typical 
cooling panel demonstrated how predicted design 
performance varies with the correlation used. The 
Taylor heat transfer coefficient correlation 
demonstrated the best overall' agreement with the 
CFD results for constant heat flux over a wide range 
of pressure, temperature, mass flow, and heat load 
conditions. The McCarthy & Wolf correlation also 
agreed well with the CFD results. The CFD heat 
transfer coefficient results for a heat spike differed 
greatly from all four correlations . An acceptable 
heat transfer coefficient can be calculated at the 
heat spike location by ignoring the coefficient at the 
spike and averaging the coefficient before-and
after the spike. Test data are needed to define the 
cooling effectiveness of hydrogen for two critical 
design conditions: a heat spike for all inlet 
temperatures and pressures; and high heat flux, 
with low inlet temperature, and high inlet pressure. 


Summary 


This paper presents a comparison of 
en~lineering heat transfer solutions employing 
diff 9rent correlations in the computer program 
NASP/SINDA··. Solutions are also obtained by 
the method of computational fluid dynamics (CFD) 
analysis using the program FLUENT1. The 
correlations compared here are those of: Hess & 


K!A.nz.2 , McCarthy & Wolf3 , Miller. Seader & 


·MElmber AIAA 


··Petley, Dennis, "NASP/SINDA" (an 
unpublished modified version of SINDA '85, 
NASA Langley Research Center). 


Jrebes4, and~. All of the correlations were 
in good agreement when used within their 
recommended ranges; however, when the 
correlations were used over the complete range of 
interest the agreement was often poor. The 
greatest variation in heat transfer coefficients from 
the four correlations occurred for the lowest inlet 
temperature (500 R, 28 K) coupled with the highest 
constant heat flux . The variation, which was as 
much as 100%, is an unacceptable error tolerance 
for most designs. Large variation between the 
correlations also occurred for low Reynolds number 
(30000) and low temperature. Conversely all of the 
correlations were in reasonable agreement for the 
high inlet temperature (5000 R, 278 K) low constant 
heat flux conditions. The agreement between the 
correlations improved, in general, with decreasing 
heat flux. The Iay1Q[ correlation demonstrated the 
best overall agreement with the CFD results for 
constant heat flux over a wide range of pressure, 
temperature, mass flow, and heat load conditions. 
The ~ correlation predictions for entrance 
effects also agreed well with the CFD results . The 
CFD heat transfer coefficient results for a heat spike 
differed greatly from all four correlations. 


Regions are identified where experimental 
hydrogen convection heat transfer data are 
needed. Recommendations are made for the 
design of an experiment which will best support the 
method of formulating correlations with the aid of 
CFD analysis. 


Nomenclature 


A area 
b bulk (subscript indicates properties 


evaluated at bulk temperature Tb) 
cp specific heat at constant pressure 
D diameter 
dA differential area 
Dh hydraulic diameter 
e/D relative roughness 
f film (subscript indicates properties 


evaluated at film temperature Tf) 







v kinematic viscosity 
x distance from entrance of panel 
.1p pressure drop 
p density 
00 infinity 
0.4 reference(subscript indicates properties 


evaluated at TO.4=Tb+O.4(Ts-Tb) 


Introduction 


Hydrogen fuel is currently used in the space 
shuttle and has been proposed for use in 
hypersonic aircraft such as the National Aerospace 
Plane (NASP). Active cooling is necessary for 
scramjet engines to survive the extreme heat 
generated in hypersonic flight and hydrogen fuel 
will be used as the coolant. Cooling system 
performance is a strong function of the rate of 
convective heat transfer from the hot walls of the 
cooling panels to the hydrogen. Several empirical 
correlating equations have been developed and 
are in use to calculate the convective heat transfer 
coefficient. When applied to cryogenic hydrogen 
in the high-heat-flux, high-pressure regions of 
some designs these equations often give widely 
different heat transfer coefficients. This raises the 
question of which, if any, of these equations are 
applicable to these deSigns. Unfortunately no 
experimental test data are available in these 
regions. 


'Backg round 


There are many correlations for predicting 
Single-phase heat transfer coefficients for turbulent 
flow of hydrogen in tubes. The bulk of these 
correlations were developed in the mid-to-Iate 
1960's. Since this time little has been published on 
this subject. The majority of these correlations 
have limited ranges of applicability due to large 
variations in the physical properties of hydrogen. 
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which has been proposed to cover a relatively wide 
range of flow conditions in a single correlation. 
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The first correlation was developed by H. L. 
Hess and H. R. Kunz . This correlation uses a 
kinematic viscosity ratio . The recommended range 
of applicability is shown in table 1. This correlation 
gives reasonable results (within 25%) for low 
temperature and low pressure hydrogen (liquid 
region). 


The second correlaNon was developed by J . R. 
McCarthy and H. L. Wolf. This correlation uses a 
surface to bulk temperature ratio. The 
recommended range of applicability is shown in 
table 1. This correlation gives reasonable results 
(within 25%) for high temperature and low pressure 
hydrogen (gas region). 


Nu - 0 025 Re O.Bpr 0.4(T fT. \{l.55b . b b s 0' (2) 


ff friction factor 
L channel length 
Nu Nusselt number 
Pr Prandtl number 
R Rankine 
Re Reynolds number 
T 	 temperature 
Tb 	 bulk temperature 
T s 	 surface temperature 
Tf 	 reference(subscript indicates properties 


evaluated at Tf= Tb+0.5(Ts-Tb) 
Q 	 heat rate 
u 	 velocity 
u' 	 local velocity 
uave 	average velocity 


Worse yet, there are important states of hydrogen 
where no correlations apply. (The kinematic 
viscosity of para-hydrogen is s'hown in Figure 1.) 
The fluid properties of hydrogen such as kinematic 
viscosity can be separated into two regions: liquid
like and gas-like. In the liquid region viscosity 
decreases as the temperature increases; in the gas 
region viscosity increases as the temperature 
increases. The transition occurs within a broad 
band of temperature and pressure. The 
correlations have a difficult time predicting heat 
transfer coefficients when the hydrogen passes 
from the liquid region to the gas region. This study 
examined three heat transfer correlations which are 
used throughout the aerospace industry and one 







The third correlation was developed by W. S. 
Miller, J. D. Seader and 'D. M. Trebes and also uses 
a kinematic viscosity ratio. The recommended 
range of applicability is shown in table 1. This 
correlation gives reasonable resuHs (within 25%) for 
low temperature and high pressure hydrogen 
(liquid region). 


0.8 0.4 
NuO.4 = 0.0208 (ReO..v (PrO.4) 


(1-tD.OO983 v~ti (3) 


The fourth and last correlation studied was 
developed by M. F. Taylor. This equation uses the 
surface to bulk temperature ratio and is also the 
only one of the four correlations that includes 
entrance effects. The recommended range of 
applicability is shown in table 1. This correlation 
gives reasonable results (within 25%) for a relatively 
wide temperature and pressure range of hydrogen. 


(4) 


Parameter Hess & 
Kunz 


McCarthy 
&Wolf 


Miller 
Seader 


& 
Trebes 


Taylor 


XlD · 6-50 5-47 2-252 
TsITb 3-14 2-11 2-28 1-23 


Tinlet (0 R) 57-120 135-560 51-69 45
180 


Press (psi) 235 32-1354 458 - 531 
745 2486 2500 


Heat Flux 88 5-2131 197 5
(BTU/s-ft2) 1463 3456 3974 


Mass Flow 
Rate (Ibis) 


• 0.001
0.13 


0.2-0.7 . 
Ts(OR) · 830


2240 
107
1730 


14
5630 


·~(in) I 0.2-0 .3 0.2-0.4 0 .2 . 
• not given 


Table 1 

Summary of Ranges for Heat Transfer 

Correlations of Supercrltlcal Hydrogen 



Methods 



The test geometry was a 10 in . (25.4 cm) long 
cooling channel. The hydrogen flow Mach 
numbers were as high as 0.34 with supply 


pressures between 1000 and 5000 psi (6.9 to 34.5 
MPa). The range of supply temperatures were from 
50° to 500° R (28 to 278 K). The NASP/SINDA 
thermal management code was used for the system 
analysis using heat transfer coefficients based on 
the correlations. The FLUENT code was used for 
the CFD analysis . Results of the engineering 
method using the correlations were compared with 
the results of the CFD analysis for several regions 
of temperature and pressure. 


NASP/SINDA is a customized version of the 
finite difference, heat transfer computer program 


SINDA-856. FORTRAN subroutines have been 
written into the program to calculate pressure drop 
and heat transfer from the cooling panel walls to the 
fluid. Pressure drop calculations are based on a 
compressible flow equation with friction and heat 
addition7. Moody friction factors8 were calculated 
by equation 5. 


1 / ff· 5 = 2 10 g 1 0 ( till + ~ ) ( 5 ) 


3.7 Reoff·5 


Any heat transfer convection correlation can be 
input into the program and used to predict the heat 
transfer coefficient from the cooling panel walls to 


the fluid . A database called GASPLUS9 , 
developed at NASA Lewis Research Center, was 
used for the fluid properties. The NASP/SINDA 
program was written to analyze entire cooling 
systems for hypersonic aircraft, including 
conduction and convection in cooling panels. 


FLUENT is a general purpose computer 
program for modeling internal and external fluid 
flows . FLUENT performs a fin ite difference 
solutions of the Navier-Stokes equations along with 
conservation of the parameters in the k-£ 
turbulence model. The model uses temperature 
dependent hydrogen properties based on the 
GASPLUS software for consistency with 
NASP/SINDA. Properties are evaluated at the 
average pressure . 


Four correlations for turbulent flow convection 
of hydrogen were compared with CFD analysis over 
a range of expected design conditions for active 
cooling of hypersonic aircraft. Coolant channels 
with two different types of heat flux distributions 
were studied, a constant heat flux and a heat spike. 
These coolant channels closely resemble channels 
which would be used for the NASP. A matrix of 
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varying inlet temperatures, pressures and heat 
fluxes was examined (see table 2a and 2b). 


Inlet Total Inlet Static 
I 


"Heat Flux 
Temperature Press (psi) BTU/(ft2-s} 


(OR) 


50 1000 100 
150 2000 1000 
200 5000 2500 
500 3500 


Table 2a 
Te~perature, Pressure & Heat Flux Matrix 


(For a straight 0.05 Inch hydraulic 
diameter channel, constant heat flux) 


All 48 possible combinations of temperature, 
pressure and heat flux were investigated for each 
correlation. 


Inlet Total Inlet Static "Heat Spike 
Temperature Press (psi) BTU/(ft2-s} 


(OR) 


50 1000 5000 
150 2000 
200 5000 


~ -
500 


Table 2b 


I 


Temperature, Pressure & Heat Flux Matrix 
(For a straight 0.05 Inch hydraulic 


diameter channel, with a heat spike) 


"The heat spike was applied over a 0.4 in. long 
center section, the remaining length had a constant 
heat flux of 500 BTU/(ft2-s} 


All 12 possible combinations of temperature and 
pressure for the given heat spike were 
investigated. for each correlation. 


The constant area, constant heat flux channel 
is shown in Figure 2. The channel has a hydraulic 
diameter of 0.05 inches (0.127 cm), a flow area of 
0.0025 sq. inches (0 .0161 cm2) and an overall 
length of 10 inches {25.4 cm} . Within NASP/SINDA 
the 10 inch (25.4 cm) channel was modeled as fifty · 
0.2 inch (0.508 cm) long panels arranged in series. 
The thickness of the heated wall was 0.0376 
inches (0 .0955 cm) and the thickness of the inner 
wall was 0.08 inches (0.20 cm) . The land thickness 
was 0.0444 inches (0.1128 cm). The channel walls 
were assumed to be smooth. 


A heat spike was applied to the mid point of the 
10 inch (25.4 cm) long channel as shown in Figure 
2. The heat spike was 0.4 inches (1.0 cm) long. 
The channel dimensions were the same as used in 
the constant heat flux analYSis. 


There were a total of 48 possible combinations 
of temperature, pressure and heat flux for a straight 
constant area, constant heat flux channel. All 48 


Heat spike (Case 5 only) 
(Applied to all four sides) 


Square Duct (NARloy Z) 


Dh=0.05 In. Constant heat flux 
A (Applied to all four sides) 


0.0376 (n.1 
l 
T H2 


PautI ~i~;~.s«re:)" " " \ 
I 1 UD =200 


fln 11100___----~-10..'--~----.....tA 
UD=O Section A-A 


Fig. 2. Cooling Panel Test Case 
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__ 


NASP/SINDA runs were made using each of the 
four correlations. There were also 12 possible 
combinations of temperature and pressure for a 
straight constant area channel with a heat spike. All 
12 NASP/SINDA heat spike runs were used for 
each of the four correlations. The ~equation 
is the only one of the four that includes entrance 
effects. When the other three correlations were 
used a correction factor was applied to represent 
entrance effects shown in Figure 3. Results of the 
60 NASP/SINDA runs were studied and five were 
chosen to be analyzed with CFD. 


2.5 


I "Boelter, L. M. K., G. Young, and H. W.NYx 2.0 
Iversen: NACA TN 1451, Wash, July 1948 


Nu~ 


1.5 


1.0 L~-====::::L==:z:::ao_-..I 
o 	 10 20 30 40 


UD 
Fig. 3. Combined Hydrodynamic and 
Thermal Entry Length in a Circular Tube· 


The FLUENT model consisted of flow in a 0.05 
inch (0.127 cm) diameter pipe 10 inches (25.4 cm) 
long. Inlet turbulence intensity was set to 5% at the 
inlet (u'/uave=0.05). The numerical grid was 500 
cells axially (width) and 10 cells radially between the 
wall and the symmetry boundary (height) as shown 
in Figure 4. This grid was chosen based on the 
desire for a reasonable aspect ratio (AR=8) while 
using the code limit of 500 cells in any given 
direction. Also, the code used a log-law wall 
function which implies a dimensionless distance 
from the wall yp+ greater than 25 for the first grid 
po i nt 1 . The heat transfer coefficient, bulk 
temperature and friction factor were determined by 
equations 6 thru 8. 


h=~ (6)
(Tw-Tb) 


Tb = 	lJ~~~Th1A (7)
J(pucp)dA 


ff= ~ (8) 
O.5pu 2 L 


WALL 


500 CELLS 	 . I 0.025 in. 


10 CELLS 


10 in. ------~II 
Center Line 


ONE CELL IN FLUENT of Pipe 


T 

0.0025 in. 


f 


1~0.020 in.~ I 


Fig. 4. FLUENT Axisymmtric Numerical Grid 
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Several cases were run using a finer grid on a These conditions fall outside the recommended 
shorter pipe with the answers indicating the chosen ranges of inlet pressure and inlet temperature for 
grid to be sufficient. Miller Seader & Jrebes and Hess & KUDZ and inlet 


pressure for Ia¥lQLand McCarthy & Wolf. Taylor's 
The CFD results were then compared with the entrance effect agreed with FLUENT's entrance 


NASP/SINDA results. This comparison was effect, while the entrance effect table factor used 
obtained by matching the mass flow rate, inlet with the other three equations did not agree well. 
temperature, inlet pressure and heat flux. Heat was This was true for all cases. It was also observed that 
applied to the outside wall of the NASP/SINDA varying the inlet pressure between 1000 and 5000 
channel model, the FLUENT pipe flow model had , psi (6.9 and 34.5 MPa) while holding the inlet 
zero thickness walls therefore the heat was applied temperature and heat flux constant had very little 
directly to the fluid. The heat flux was adjusted by effect on the results. 
the ratio of the circumferences (0.448). as shown in 
equation 9. Case 2, shown in Figure 6, offers the widest 


variation in heat transfer coefficients between the 
. (1tD ~ four correlations and the CFD analysis for the Q 	 (9 )Qsquarel plpe= 	 . 


4 ( widh + land ttickness ) 	 constant heat flux. This case represents a high 
heat flux, high pressure and low inlet temperature 
cooling panel. The hydrogen starts out in the liquid 


The NASP/SINDA analysis assumed two region but quickly heats up into the gas region. 
dimensional conduction. Asymmetric heating 10 These conditions fall outside the recommended 
and three dimensional conduction were analyz~d ranges of inlet pressure for Miller Seader & Trebes, 
and determined not to be important factors in Hess & Kunz and Iay]Qr and inlet pressure and inlet 
comparisons between analyses using the four temperature for McCarthy & Wolf. The Hess & 
correlations. Five cases representing five cooling Kunz....and Miller. Seader & Trebes correlations, 
panel design conditions were chosen for CFD which are based on the kinematic viscosity ratiO,
analysis and comparison with the heat transfer agreed with each other but differed from the CFD 
correlations as used in NASP/SINDA. Case 1 was results by as much as 17% at the exit and over 
used as a validation case for the CFD model 100% near the entrance. The laYJ.Qr and McCarthy 
because of the excellent agreement between all .&...WQJ.f. correlations, which are based on surface to 
four correlations across the entire channel length. bulk temperature ratio, are in 	 relatively close 
This case, with a high inlet temperature, high inlet agreement with the CFD results. The closest 
pressure and low constant heat flux, represents the agreement with the CFD results of the four 
gas region of the hydrogen fluid properties. Case 2 correlations was IaylQr which differed by 7% at the 
with low inlet temperature, high inlet pressure and exit and a maximum deviation of 24% along the 
high constant heat flux represents the liquid region length. The four correlations appeared to be 
near the entrance, with transition to the gas region. converging to the same coefficient at the exit of 
Case 3 with low inlet temperature, moderate inlet this channel. The results of other NASP/SINDA 
pressure and low constant heat flux, represents the · runs indicated that increasing the inlet temperature 
liquid region. Case 4 is at low inlet temperature, from 50° to 500° R (28 to 278 	K) reduced the 
high inlet pressure and low constant heat flux. The differences in heat transfer coefficient between 
fluid in this case cannot be described as a liquid or the correlations . Other runs 	 also indicated 
as a gas. Case 5 is at low inlet temperature and high reducing the inlet pressure from 5000 to 1000 psi 
inlet pressure with a heat spike at the center of the (34.5 to 6.9 MPa) reduces the differences in heat 
channel. These condit'ions represent the liquid transfer coefficients between correlations. This is 
region of the hydrogen fluid properties. due to the effect of high inlet pressure, low inlet 


temperature and high heat flux on viscosity. At a
Results given temperature above 103° R (57.2 K), the 


kinematic viscosity of hydrogen is lower and varies 
The results of case 1 are shown 	in Figure 5. less with temperature in the liquid region at 5000 


Excellent agreement was obtained between the psi (34.5 MPa) than at 1000 psi (6.9 MPa) (see 
four correlations and FLUENT fo,r the entire figure 1). The viscosity ratio correlations are much 
channel length with the exception of the entrance more sensitive to viscosity ' changes due to 
region. This case represents high pressure, high temperature and pressure than are the temperature 
temperature and low heat flux design conditions. ratio correlations. The fluid temperature at the 
The hydrogen acts more as a gas in this region. surface increases much faster than the bulk 
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temperature. Therefore, the fluid properties at the 
surface are in the gas region while the bulk fluid 
properties remain in the liquid region. This causes 
the viscosity ratio correlations to predict a higher 
heat transfer coefficient than the temperature ratio 
corre lations. 


The results of case 3 shown in Figure 7 
represent conditions where the hydrogen acts as a 
liquid throughout the panel length. This case has 
moderate inlet pressure, low inlet temperature, and 
low heat flux. These conditions fall outside the 
recommended range of inlet temperature and inlet 
pressure for McCarthv & WoH and inlet pressure for 
Hess & Kunz. The ~ results agreed within 2% 
of the CFD results at the exit and 9% near the 
entrance. 


The results of case 4, shown in Figure 8 
represent conditions nearly identical to case 3 
except that the inlet pressure was increased from 
2000 psi to 5000 psi (13.8 to 34.5 MPa). These 
conditions fall outside the recommended range of 
inlet temperature and inlet pressure for McCarthy & 
WQJi and inlet pressure for Hess & Kunz, Mi.l.I.e.r... 
Seader & Trebes and Taylor. The I.ayLQr heat 
transfer coefficient results are now within 8% of the 
CFD results at the exit and 35% near the entrance. 
The increase in pressure caused a decrease in 
mass flow by 24% and an increase in exit 
temperature by 76%. 


Case 5 shown in figures 9a and 9b 
demonstrates the effect of a heat spike on the four 
heat transfer coefficient correlations. A thermal 
entry factor was used for the heat transfer 
coefficient at the spike for all four correlations. The 
correlations were not tested for heat spike 
conditions and were not expected to be accurate. 
Miller. Seader & Trebes and Hess & Kunz showed 
a significant increase in heat transfer coefficient 
where the heat spike was applied while ~ and 
McCarthy & Wolf show a significant decrease. The 
CFD results demonstrated a slight increase at the 
point of the spike and a significant decrease 
immediately after the spike. The inlet pressure, 
temperature and heat flux were varied but the trend 
was basically the same. The liquid-gas region 
viscosity effect for the bulk and surface fluid 
temperature causes the viscosity ratio correlations 
to predict relatively high heat transfer correlations 
at the heat spike . The high surface to bulk 
temperature ratio at the heat spike causes the 
temperature ratio correlations to predict relatively 
low heat transfer coefficients. 


The analysis of a heat spike is critical for the 
cooling panel design selection of materials, wall 


thicknesses and hydrogen mass flow rates for 
proper cooliOO. Currently there is no heat transfer 
<5eftfclen. correlation which accurately predicts 


how the heat is transferred into the fluid for a heat 
spike. Based on the results of this paper the 
following engineering solution is recommended 
until further analysis can be completed. An 
acceptable heat transfer coefficient can be 
calculated at the heat spike location by ignoring the 
coefficient at the spike and averaging the 
coefficient before-and-after the spike as shown in 
Figure 9c and 9d. This method works for the spike 
location but immediately after the spike the CFD 
results indicate a relatively large decrease in the 
heat transfer coefficient . Down stream of the spike 
the fluid near the wall is very hot while the bulk 
temperature has only increased slightly at this 
location. The high temperature fluid near the wall 
causes the wall temperature to be high even 
though the heat rate is low. This causes a very low 
heat transfer coefficient. The rapid recovery of heat 
transfer is due to turbulent mixing. This effect can 
be seen as an inverse thermal entrance effect. The 
correlations do not predict the drop in heat transfer 
coefficient due to their dependence on the bulk 
temperature only. Down stream of the spike the 
effect on wall temperature is small if the heat rate is 
small and may not be important in many designs. 


Friction ,factors and Reynolds numbers for 
cases 4 and 5 are compared in Figures 10 and 11 . 
Case 4 was the low heat flux, high inlet pressure, 
and low inlet temperature . Case 5 was the heat 
spike model with low inlet temperature and high 
inlet pressure. The friction factors calculated by 
Moody are within 30% ot those calculated by CFD 
for case 4. The CFD friction factor in case 5 shows a 
large increase at the location of the heat spike while 
the Moody friction factor remains constant. The 
difference in friction factors between NASP/SINDA 
and CFD for case 5 excluding the spike was a 
maximum 35%. Further study is needed in this 
area. The Reynolds number based on bulk 
temperature is displayed in Figure 11. The 
Reynolds numbers calculated by NASP/SINDA 
were within 14% of those calculated by CFD for 
case 4 and 16% for case 5. Table 3 summaries the 
ranges of velocity, Reynolds number, Prandtl 
number and pressure drop for all five cases. 


This paper has highlighted the need for testing 
of hydrogen cooled panels. Test data are needed 
to define the cooling effectiveness of hydrogen for 
two critical design conditions: a heat spike 
condition and the low inlet temperature, high heat 
flux, and high pressure condition. A proposed test 
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setup is shown in Figure 12. The thermocouple 
locations correspond to node locations in the 
NASP/SINDA model shown in Figure 13. The inlet 
pressure condition is 4000 psi (27.6 MPa) with inlet 


I 
Case 
No. 


Vel. 
(ftlsec) 


Film 
Rey. 


. PrandU 
No. I 


Press 
Drop 


No. (psi) 
(x106) 


1 432 4.1-3 .5 0.64 105 
571 0.63 


2 243 7.1-3.7 0.71 334 


t  . 
3 


1145 
246 6.1


0.61 
0.98  186 I 


421 10.0 0.77 
4 63-573 11 .0 0.96 334 


19.0 0.77 
5 250 6.4 0.98 186 


451 10.9 0.77 


Table 3 

Summary of Parameters for Cases 1-5 



temperatures of 900 R (50 K) and 2000 R (111 K) 
corresponding to the hydrogen liquid and gas 
regions . A heat spike of 10,000 and 5,000 
BTU/ft2-s (113.5 to 56.7 MW/m2) is applied to a 
heated width of 0.1 and 1.0 inch. (0.254 and 2.54 
cm), respectively. The results from such a test 
could be used to develop better correlations. 


Conclusions 


1. The I.ayIQr heat transfer coefficient correlation 
demonstrated the best overaU agreement with the 
CFD results for constant heat flux over a wide range 
of pressure, temperature, mass flow, and heat flux 
conditions. 
2. The:ram correlation predictions for entrance 
effects a'iso agreed well with the CFD results. 
3. The CFD heat transfer coefficient results for a 
heat spike differed greatly from all four correlations. 
4. An acceptable heat transfer coefficient can be 
calculated at the heat spike location by ignoring the 
coefficient at the spike and averaging the 
coefficient before-and-after the spike. 
5. Test data are needed to define the cooling 
effectiveness of hydrogen for two critical design 
conditions: a heat spike for all inlet temperatures 
and pressures; and for a high heat flux with low 
inlet temperature, and high pressure. 
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setup is shown in Figure 12. The thermocouple 
locations correspond to node locations in the 
NASP/SINDA model shown in Figure 13. The inlet 
pressure condition is 4000 psi (27.6 MPa) with inlet 


I 


Case 
No. 


Vel. 
(fUsec) 


Film 
Rey. 
No. 


(x105) 


Prandtl 
No. 


Press 
Drop 
(psi) 


, 


1 


2 


3 


4 


5 


432
571 
243
1145 
246
421 


63-573 


250
451 


4.1-3.5 


7.1-3.7 


6.1
10.0 
11.0
19.0 
6.4
10.9 


0.64
0.63 
0.71
0.61 
0.98
0.77 
0.96
0.77 
0.98
0.77 


105 


334 


186 


334 


186 


Table 3 

Summary of Parameters for Cases 1-5 



temperatures of 900 R (50 K) and 2000 R (111 K) 
corresponding to the hydrogen liquid and gas 
regions. A heat spike of 10,000 and 5,000 
BTU/ft2-s (113.5 to 56.7 MW/m2) is applied to a 
heated width of 0.1 and 1.0 inch. (0.254 and 2.54 
cm), respectively. The results from such a test 
could be used to develop better correlations. 


Conclusions 


1. The.IarlQr heat transfer coefficient correlation 
demonstrated the best overall agreement with the 
CFD results for constant heat flux over a wide range 
of pressure, temperature, mass flow, and heat flux 
conditions. 
2. The.IarlQr correlation predictions for entrance 
effects also agreed well with the CFD results. 
3. The CFD heat transfer coefficient results for a 
heat spike differed greatly from all four correlations. 
4. An acceptable heat transfer coefficient can be 
calculated at the heat spike location by ignoring the 
coefficient at the spike and averaging the 
coefficient before-and-after the spike. 
5. Test data are needed to define the cooling 
effectiveness of hydrogen for two critical design 
conditions: a heat spike for all inlet temperatures 
and pressures; and for a high heat flux with low 
inlet temperature, and high pressure. 
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Fig. 12. Cross Section of Test Articles for Follow up Work 
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Abstract 


The currently available supersonic film cooling effec
tiveness data can not be reduced to a common correlation 
even for the same coolant gas . No single parameter or group 
of parameters has been identified as being responsible for 
this disparity . In this study, two coolant gases, hydrogen and 
nitrogen, two nozzle shapes, two coolant Mach numbers, 
three slot heights, three lip thicknesses, two levels of main
stream total temperature, two levels of flowpath divergence, 
and a wide range of the ratio of coolant mass flux per unit 
area to mainstream mass flux per unit area are examined in 
a Mach 3.0 vitiated airstream simulating a scramjet com
bustor. The results show that data for each gas can be rea
sonably correlated to a single line for variations in all 
parameters tested except for lip thickness and flowpath di
vergence. A very small lip thickness yields higher effective 
ness in the near slot region only . The two values of f10wpath 
divergence yielded unique data correlations. The controlling 
parameter is the axial pressure gradient. Mainstream turbu 
lence level appears to be the reason why correlations from 
different studies can not be reconciled. High turbulence 
levels yield low film effectivenesses. Therefore, using film 
cooling to protect the walls of a scramjet combustor pres
ents the designer with a dilemma since efficient combustion 
requires high levels of mixing . 


Nomenclature 
b exponent 
c exponent 


specific heal 
either slot or slot plus lip height, as defined 
lip thickness 


m mass flow 
M Mach number 
P Pressure 


q total heat per unit time 


Q wall heat flux 


Copyright © 1990 by Robe r t W. Bas s 
Published by the American Institute of Aeronautics and 
ASlronaulics, Inc. with permission. 


Re/ft Reynolds number per foot 

s slot height 

T temperature 

U velocity 

x axial distance from slot 

y vertical distance above lower wall 

y gas constant 


17 film cooling effectiveness, defined by either 


Eq . 2 or Eq. 3 


A ratio of coolant to mainstream mass flux per 
unit area 
density 


a standard deviation 


Subscripts 


aw adiabatic wall 

c coolant 

in inlet conditions 

max maximum attainable 

0 no coolant flow conditions 

s static conditions 



total conditions 

00 mainstream 



Introduction 


An effective method of protecting a surface exposed to 
a high temperature gas stream is to introduce a relatively 
cool gas along the wall to provide an insulating and heat 
absorbing layer. The introduction of a cool gas from holes 
or slots is commonly referred to as film cooling. When the 
cool gas is introduced through a porous wall, the process is 
referred to as transpiration cooling. The purpose of this 
study was to investigate film cooling on a flat surface with 
both the film and the mainstream flow supersonic and the 
film injected tangentially from either discrete or continuous 
slots. 
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Wieghardt l first studied the physics of film cooling in 
his investigation of hot air deicing. [n the late fifties and 
early sixties , a number of studies employing subsonic flow 
as both injectant and mainstream were carried out. As a 
result , the genera Ily accepted method of reporting fi 1m cool
ing performance became to define an effectiveness, '7, 


based on adiabatic wall temperature, as a function of non


dimensional distance downstream of the slot and ,{ , the 
ratio of coolant mass flw( per unit area to mainstream mass 
flux per unit area. 


Goldstein et al. 2 were the first to study tangemial sonic 
injection into a cominuous supersonic flow over a flat plate . 
The mainstream consisted of air at Mach 3. Both air and 
helium were injected sonically. Slot heights of 0.064,0.123, 
and 0.182 in. and a lip thickness of 0.057 in. were used for 
air; a slot height of 0.063 in. and a lip thickness of 0.057 in. 
were lIsed for helium. The total temperature of the main
stream was nominally room temperature while the tempera
ture of the wall at the point of injection varied as a function 
of the injectant temperature from 418 R to 655 R for air and 
from 563 R to 644 R for helium . The wall downstream of the 
injectant slot was insulated to pennit the attainment of and 
measurement of adiabatic wall temperature as a function of 
position relative to the slot. The results for air as the coolant 


required one effectiveness cOITelation for,{ >0 .12 and cool
ant temperature above mainstream (due to facility limita
tions coolant below mainstream temperature could not be 


rtlll) and two other correlations for ,{ ::.0 .12, one for heated 
coolant and one for cooled coolant. In all cases, the correla
tions were based on non-dimensional distance in terms of 
slot plus lip thickness rather than the traditional slot height. 
The effectiveness was based on wall temperature for isoen


ergetic injection. Limited data for helium, at ,{ =0.01 and 


A=0 .02 , yielded a con·elation equivalent to that for air in the 


low A range multiplied by the ratio of helium to air specific 
heat raised to the 1.77 power. For helium, the effectiveness 
was based on recovery temperature for no injection. 


Parthasarthy and Zakkay3 investigated the near tan
gential, sonic injection of helium, hydrogen, air, and argon 
into a Mach 6 air mainstream over an axisymmetric center
body in a blowdown wind tunnel. The slot height was fixed 
at 0.010 in.; no lip thickness was reported. The total temper
ature of the mainstream ranged from 720 R to 900 R with 
the coolam and the wall maintained at 63.5% of that value. 
The wall was not adiabatic but the adiabatic wall tempera
ture was infelTed from wall heat transfer measurements 
made using the transient thin-wall technique . The results 
for each coolant were con-elated against (x/s).,{ - . 8 for ef
fectiveness·es defined using not only calculated adiabatic 
wall temperature but also heat reduction compared to an 
uncooled wall. Significantly higher cooling performance 
was achieved when compared with similar injection 
schemes in both subsonic and less than Mach 6 supersonic 


mainstreams. The cooling effectiveness based on adiabatic 
wall temperature for different gas coolants was found to 
follow correlations with the same exponents for non-dimen
sional distance and mass flux ratio but the multiplicative 
constants could not be related to equal powers of the ratio of 
specific heats when compared to air. The value for helium 
compared to air was 0.765, significantly below the 1.77 
found in Ref. 2. 


Using the same experimemal configuration as in Ref. 
3, Zakkay et a1. 4 injected Mach 2.3,530 R total temperature 
air from a 0.22 in. slol. No lip thickness dimension was giv
en but a sketch indicates that it was small (probably about 
0.02 in.) The mainstream was maimained at a stagnation 


temperature between 750 Rand 850 R. Values of ,{ up to 
0.248 were studied . Adiabatic wall temperatures and the 
associated film effectiveness were calculated from wall heat 
transfer as in Ref. 3. Results indicated that supersonic injec
tion was superior to sonic injection with the same main
stream conditions . 


Cary and Hefner5 investigated film cooling in a blow
down tunnel on an insulated flat plate with end plates in a 
Mach 6 mainstream having a IOta I temperature of 850 R. 
Air was injected sonic and tangential at total temperatures 
ranging from 500 R to 530 R. Slot heights of 0.063, 0.187, 
and 0.438 in. with a lip thickness of 0.063 in . were investi


gated. Variations were made in ,{ from 0.06 to 1.60 . The 
results indicated cooling less effective than Ref. 3 at low 


values of (xis). A - . 8 and more effective at higher values. 
The difference was attributed to measurement of adiabatic 
wall temperature compared to calculation and to the slight 
injection angle used in Ref. 3. Subsequently, the same au
thors 6 expanded the study to include a wider range (300 R to 
560 R) of injection temperatures. The data showed a re
duced effectiveness with reduced ratio of injection to main
stream total temperature. 


Film cooling to provide temperature control for an op
tical window located on the ogival shaped nose section of a 
missile was investigated by Eiswirth et al. 7 Experiments 
were performed in the AEDC Tunnel B at Mach 6 with slot 
injections of helium, nitrogen, sulfur hexafluoride, and a 
helium-argon mixture. Parameters varied were injectant 
temperature, angle of attack of the nose section relative to 
the tunnel, mainstream Reynolds number, slot height, and 
injectant flow rate. The measured downstream effectiveness 
was less for this ogival shape than for flat plates and cones. 
Large effects were noted for coolant specific heat and flow 
rate; small effects were noted for slot height (at low angle of 
attack), injectant temperature, and mainstream Reynolds 
number. Angle of attack effects were nonlinear. 


The previous studies l - 6 resulted in effectiveness corre
lation for air film cooling in the form 


(1) 
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where band c vary as shown in Table 1 and h is either slot 
height or slot plus lip height. The wide range of constants 
points out the difficulty in selecting a correlation for a par
ticular application. It would be logical to conclude that the 
correlating function is incomplete and if it were possible to 
add more terms, the disparate correlations would come to
gether in a universally acceptable equation. The ratio of in
jectant to mainstream total temperature was shown in Ref. 6 
to be an important parameter and should be part of any 
universal correlation. Likewise, the ratio of coolant to main
stream static pressure may playa role in the film effective
ness . Other possible parameters include lip thickness, 
coolant and mainstream Reynolds numbers, coolant flow 
angle relative to the mainstream, flowpath divergence, 
mainstream boundary layer thickness, coolant upper and 
lower boundary layer thicknesses, wall roughness, and 
mainstream turbulence intensity. If the coolant has a differ
ent composition than the mainstream gas, effects of differ
ent specific heat and Prandtl number may be important and, 
if the injectant is combustible in the mainstream, reaction 
kinetics are of concern. 


Table 1 Exponents in Published Film Cooling 

Correlations for Air as the Coolant 



Reference Me Moo b c 


2- 1.0 3.0 -2 .00 0.80 
2-- 1.0 3.0 -1.20 1.20 
3 1.0 6.0 -0.70 0.56 
4 2.3 6.0 -0.55 0.44 
5t 1.0 6.0 -0.23 0.18 
5+ 1.0 6.0 -0.36 0.29 


A<0.12 - - A.>0.12 
t T,c/T,oo =0.63 +T,clT,oo =0.43 


The work of Majeski and Weatherford8 attempted such 
an expanded correlation to address the problem of combin
ing the results for experiments performed in three different 
wind tunnels. After several false starts, a correlation of five 


terms, one being xI(s. A. ) i.e ., b = -c, was selected. The au
thors of this paper attempted to devise a generalized corre
lation by using computer generated cooling performance . 
Reduction of calculated data toward a single multiple-vari
able correlation function was achieved but this function 
could not predict with any accuracy effectivenesses for con
ditions outside the correlation base. There seem to be too 
many variables associated with the problem to achieve a 
correlation that ccald be extrapolated with confidence to 
conditions not used in generating the correlation. 


Objective and Scope 


The objective of this study was to examine the use of 
hydrogen as a film coolant under conditions similar to those 
which will prevail in a scramjet engine. Parameters initially 
examined included two film nozzle designs, two injection 


Mach numbers, three film slot heights, two lip thicknesses, 


two coolant to mainstream temperature ratios, and A. 's 
ranging from 0.2 to 0.9. As a result of these initial investiga
tions a second series of tests was performed where the gas 
path divergence was changed and larger changes were made 
in lip thickness and coolant to mainstream temperature ra
tio . 


Nominal test conditions and those for a typical scram
jet combustor at a vehicle speed of Mach 15 are given in 
Table 2. The vitiated test air had the same specific heat 
(though different constituents) as the mainstream condi
tions of the dissociated combustor air in an engine. In addi
tion, the process of vitiation causes a degree of mainstream 
turbulence similar to that occurring in a scramjet combustor 
but not present in other type windtunnels. At the selected 
temperature and Mach number the two streams had approx
imately the same Reynolds number. For the hydrogen cool
ant, the test Reynolds number exceeded the engine value 
due to the lower temperature; however, the temperature ra
tios between coolant and mainstream were nearly equal. 


Table 2 Film Cooling Engine and Test Conditions 


Engine Combustor Test 
@ Moo=15 


Mainstream Air Vitiated Air 
M 4.3 3.0 
Cp 0.33 0.33 


T" R 12300 3860 
Re/ft 4.3 x 106 4.5 X 106 


Coolant H2 H2 
M 2 2 
Cp 3.4 3.4 


T" R 2000 530 
Relft 3 x 106 6 X 106 


T,clT,oo 0.16 0.14 


Experimental Apparatus 


Description of Wind Tunnel 


Experimental tests were performed in Cell 4 of the Jet 
Burner Test Stand at United Technologies Research Center 
using the blowdown wind tunnel shown schematically in 
Fig. 1. Air from 400 psi storage tanks entered a hydrogen
oxygen burner where the temperature was raised as high as 
4000 R. Sufficient oxygen was added to yield 21 % by mass 
in the output vitiated air stream. The vitiated air was then 
accelerated to Mach 3 in a two-dimensional nozzle and fed 
to the 6 in. wide by 3 in . high test section. Test section pres
sure was maintained by an ejector. For the nominal design 
conditions test section total temperature was 3860 R, i.e. 
140 R below the heater temperature, due to heat loss 
through the walls between the heater and the test section. 
All walls were water cooled. 
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A 
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TO TOP 
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400 PSI 

AIR SUPPLY 



I 


Fig. I Test facility schematic. 


The test section inlet plane, Station 7 (where the digit 
indicates the number of inches downstream from a refer


ence plane) , was located at the exit of the 2-dimensional, 
Mach 3 nozzle (Fig. 2) . Between Station 7 and Station 18 the 
cross-section was constant. Beyond Sta tion 18, most tests 


were run with a 2 degree di vergence of the upper wall ; the 
remainder were run with no divergence. The rearward fac
ing film injection slots were located at Station 20.125 forthe 


Prandtl-Meyer nozzles and at Station 20.625 for the 2-D 
planar nozzles (see discussion below) . 


STA 
STA 


STA 18.0 STA 36 .0 I 
I 


7.0 20.625 
I 
I 
I 


COOLING ~ lCOOLANT 
WATER 


Fig. 2 Test section . 


Description of Film Nozzles 


The film nozzles were located on the lower wall and 


fabricated as insel1s into that portion of the wall from Sta
tion 12.625 to Station 20.625 . The nozzles span 5.8 in. of 
the 6 inch test section width due to side supports . Three 
nozzle blocks were fOlmed using the 2- D planar design and 
two were formed us ing a Prandtl-Meyer expansion. The 
2-D planar de signs were Mach 2 nozzles with differing slot 
heights and lip thicknesses (see Table 3). A typical 2-D 
nozzle block is shown in Fig. 3a; note that there are thin 
solid walls at the exit plane which separate the discrete 
nozzles . A Mach 2 and a Mach 3 nozzle with slot heights of 


0.075 inches and lip thickness of 0.075 inches were de
signed using a Prandtl-Meyer expansion around a sharp 
comer forming a continuous slot across the flow field (see 


Fig . 3b). This design yielded a nozzle considerably shorter 
than the 2-D design and the exit plane had to be placed 0.5 


inches upstream of the rear plane of the injector block to 


assure that the wall between the coolant reservoir and the 
contact plane with the next wall section was of suitable 


thickness to allow sealing by an 0 ring. 


Table 3 Film Cooling Nozzle Geometries 


Lip Step 


~ 1 1 
1SIot -.. ~ f f 


Mach Slot Lip Step 
Nozzle Type No. Inches Inches Inches 


1 2-D 2.0 0.050 0.075 0.125 


2 2-D 2.0 0.075 0.075 0.150 
3 2-D 2.0 0.100 0.100 0.200 


4 P-M 2 .0 0.075 0.075 0.150 


5 P-M 3.0 0.075 0.075 0.150 


Fig . 3a Two-dimensional coolant nozzles. 
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TIlree viewing windows, shown in Fig, 2, were located 
NOZZLE 


A 


COOLING 
WATER TO HYDROGEN FEED 
TOP PLATE 


THROAT 


Fig, 3b Prandtl-Meyer expansion coolant nozzle , 


Description of Instrumentation 


Calibrated orifices and measured upstream total pres
sure and temperature were used to ascertain tunnel airflow 
and purge nitrogen, heater hydrogen and oxygen, and cool
ant hydrogen flow rates, Static pressures were measured up
stream of the slots on the lower wall. Pressures, 
temperatures, and heat fluxes were measured on the lower 
wall downstream of the slot as shown in Fig, 4, Tempera


tures and flow rates of water used to cool the walls were 
measured and used to verify the heat flux gauge measure
ments, Heat flux gauges, acquired from Thermogage Inc" 
consisted of a 0,250 in, copper tube with a constantan disc 
covering the end and, thus, the interface with the hot gas , A 
copper lead affixed to the mid point of the constantan disc 
and the copper constantan interface at the disc periphery 
provides two thermocouples whose temperature difference 
are indicative of the heat transfer to the disc from the adja
cent gas. 


~ 
COOLANT INJECTION PLANE - P-M NOZZLES 
COOLANT INJECTION PLANE - 2-D NOZZLES 


t-- 0,234" ---1 f-- 0.672" 
,..---;.-;.-'--------'---'------__, 0,75" 


--11--
0 ,5" STA 


20 .625 


Fig. 4 


o HEAT FLUX 
o STATIC PRESSURE 
t:. THERMOCOUPLE 


:O/;F 


STA 
30.624 


Instrumentation on lower wall. 
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on each sidewall to allow for video recording of the test and 


recording of the static temperature at various points on the 


centerline of the airstream using UTRC developed Coherent 


Anti-Stokes Raman Spectroscopy techniques 9 


Test Procedure and Data Reduction 


Test Procedure 


TIle test period lasted up to 150 seconds which was 


divided into 75 , two second time periods (defined as a burst) 


within which each gauge was read at least once. Typical 


operation had the tunnel heater coming to steady state 


operation at the required value of total temperature and the 


ejector lowering tunnel pressure to the desired level by burst 


15 (see Table 4 for nominal operating conditions), During 


this startup process nitrogen flows through the film slot. Af


ter several bursts of steady state operation, the nitrogen was 


switched off and a predetermined flowrate of hydrogen was 


switched on, During some tests, the hydrogen flowrate was 


held constant for the remainder of steady-state operation, 


In others, the flowrate was incrementally raised to obtain 


two additional data points at higher values of A. . By burst 


60, the storage tank pressure was usually too low to continue 


to maintain steady state conditions and the test was ended. 


A summary of all tests runs in the initial series is given in 


Table 5, All of the initial series of tests were performed at a 


total temperature of 3860 R except Run 65 which was at 


3360 R and all tests were performed at a nominal tunnel 


pressure of 6.2 psia except Runs 64 and 65 which were at 


4.0 psia. Run 66 provided a no flow case to define the wall 


heat flux without coolant. 


Table 4 Nominal Parameters for Fibn 


Cooling Experiment 


M TI• T., PI' p s • V, A. 
R R psia psia ftI 


sec 


Vitiated air 3.0 3860 1642 250 6.2 5725 
0.53 


Hydrogen 2.0 530 294 48.5 6.2 6400 







Table 5 Initial Test Series Summary 


Moo = 3.0, vitiated air 


Run No. Nozzle Nominal Nominal No. H2 
Tunnel Tunnel flows 
Ps ' psia T(, R 


50 6.2 3860 3 


51 6.2 3860 3 
52 2 6.2 3860 1 


53 2 6.2 3860 3 
54 2 6.2 3860 3 


55 3 6.2 3860 1 


56 3 6.2 3860 3 


57 3 6.2 3860 3 


58 4 6.2 3860 


59 4 6.2 3860 3 


60 4 6.2 3860 3 
61' 4 6.2 3860 3 


63 5 6.2 3860 1 
64 5 4.0 3860 3 
65 5 4.0 3360 3 


66 None 6.2 3860 None 


, 15% oxygen in vitiated air 


Recorded Data 


Wall pressure, temperature, and heat flux were re


corded for each burst at the locations indicated in Fig. 4. 


Plots of data reduced to engineering units for Run 58 are 


shown in Figs. 5a-c. The pressure gauges shown are those 


on the axial line nearest the centerline of the lower wall as 


shown in Fig. 4. The gauge numbering is for stand use only, 


gauge PL09 is immediately downstream of the slot. Temper


ature gauge TWL4 and heat flLLx gauge HF1 are also imme


diately downstream of the slot. Data taken prior to the 


heater and tunnel coming to a steady-state operating condi


tion, denoted by the term "Ejector On", are not shown. Data 


taken after shutdown are similarly excluded. For Run 58, 


the useful data begins with burst 24. Examination of the 


data indicate that burst 25 is representative of the condition 


where nitrogen is flowing out of the coolant slot. The tran


sient to the hydrogen coolant can be seen to start at burst 26 


and conclude by burst 27 for heat flux but not until burst 30 


for temperature. This lag in wall temperature was always 


observed. For Run 58 the representative hydrogen data was 


assigned to burst 35. 


Representative Data 


Comparisons among different coolant flows in the 


same run or in different runs were made using data at the 


burst judged to be representative of steady-state operation. 


The representative data downstream of the slot for Run 58 


are shown in Figs. 6a-c for wall pressure, temperature and 


heat flux, respectively. 
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Wall pressure, temperature and heat flux 


as functions of burst number - Run 58. 
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Fig. 6 	 Wall pressure temperature, and heat flux as 
functions of distance for selected bursts -
RlUl 58. 


A no flow case, Run 66, was run for use as a basis for 
non-dimensionalizing heat flux. Figure 7 shows the mea
sured heat flux for nitrogen flowing and when the nitrogen 
was turned off. No explanation could be fOlUld for the 
slightly higher than trend measurements at the 24 to 25 inch 
location. 
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Discussion 


Visual Observations 


All tests were recorded on color video tape by observ
ing the flowfield through the three optical access windows 
along the sidewall. When the nitrogen slot flow was re
placed by hydrogen it became immediately apparent that 
combustion was occurring in the shear layer created by the 
interface between the mainstream and the coolant. Contam
inants in the tunnel were responsible for making the other
wise transparent hydrogen flame visible . The flame was not 
visible in the first window which pennined a view of the first 
1.0 and 1.5 inches downstream of the Prandtl-Meyer and 
the 2-D planar nozzles respectively. In all cases, the flame 
appeared to be confined to the shear layer leaving features 
on the lower wall visible . Subsequent analyses of the data 
showed a distinct pressure increase on the lower wall for 
hydrogen coolant relative to nitrogen coolant at approxi
mately the 24 inch location of about 0.3 psia (See Fig. 6a.) 
The small pressure increase indicates a low level of com
bustion that would be consistent with burning only in the 
thin shear layer. 


The presence of combustion was puzzling because the 
static temperature at all places in the flow field was calcu
lated to be below 1650 R and, thus, lUlable to initiate com
bustion. As will be discussed later, the source of ignition 
was identified as the lip wake. 


Correlation Parameters 


Historically, film cooling data have been presented on 


a log-log plot where the abscissa is defined as (xls).,.lc , as 
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Table 6 Data Spread at 60% Effectiveness 


Correlation 
Parameter 


x 


". A,  4 
S 


s 


~ ~.,- .8 


s 
x 


A- 1 
s+1 


Reference 
Gas 


2 
Air 


30 heated 


42 cooled 


34 


3 
Air 


74 82 


8 


4 
Air 


45 


Present Study 
N2 H2 


69 136 


56 82 


60 56 


50 67 


40 59 


50 58 


discussed above, and the ordinate is the effectiveness . 
Effectiveness is either defined as 


Taw - T t oo
77 = - --- (2) 


Ttc-Ttoo 


or 


77 = 1- 0/00 (3) 


where the temperature subscripts aw denotes adiabatic wall , 


t denotes stagnation conditions, c denotes coolant, and 00 


denotes mainstream. 0" denotes the no cooling heat load. 


Where temperatures are low enough to pennit establish
ment of adiabatic wall conditions, Eq. 2 is preferred; howev


er. the test conditions of this study as well as those of Ref. 


3-6 were such that adiabatic conditions were not possible; 


therefore, Eq. 3 is more appropriate. In either case, the data 


have the fonn shown in Fig. 8 where effectiveness is 1.0, or 


in some cases slightly above 1.0, to point A, beyond which it 


drops off in a fairly wide band. Typical correlations are as 


shown with the intersection point having an ordinate value 


of 1.0, point B, at some distance to the right of point A, the 


point where measured adiabatic conditions cease . 
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Fig. 8 Film cooling log-log plot. 


The most logical method for selecting an abscissa for 


data correlation is to identify the one which minimizes the 


spread of plotted data. Published studies have used variants 
4of the abscissa as discussed above but only three studies2


present enough data to evaluate the data spread for compar


ison with the present study. Reference 2 used the slot plus 


lip height to nondimensionalize distance while Refs. 3 and 4 


used only the slot height. Reference 2 used powers of A of 


-.4 and -1 for correlating purposes while Refs. 3 and 4 used 


- .8. To gauge the effect of variations in these parameters, 


the six possible combinations of these tenns were used to 


assess the data obtained during this study. The resulting 


plots are given in Fig. 9a-f for all data in Runs 50 through 


60 and Run 63 where effectiveness is defined by Eq. 3. 


These data represent two coolant gases, two types of 


nozzles, different values of slot height and lip thickness, and 


two levels of coolant Mach number. In all cases , the Run 66 


no flow heat fluxes are used for 0 0 , The remaining data are 


excluded because there was not a no-flow case run for the 


appropriate conditions. It is apparent that the data for the 


two coolants foml separate trends . Table 6 sunlmarizes the 


values for the spread of the envelope drawn about the data 


for each coolant . With the exception of one hydrogen corre


lation, all of the correlations of these data have reasonable 


spreads compared with Refs . 3 and 4. The small spreads in 


the Ref. 2 correlations were the result of defining separate 


correlating parameters for high and low values of A as well 


as a separation based on coolant temperature, i.e. above or 


below the mainstream value . It is remarkable that the data 


obtained in this study show such tolerance toward fonn of 


the correlation parameter given the wide range of variables 


tested. Each cited references examined only one slot nozzle 


design, only one coolant Mach number and one lip thick


ness . 
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Fig. 9 Film effectiveness as a function of various cOlTelating parameters. 
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Based on the Table 6 results, the selection of a correla
tion parameter for data representation is somewhat arbi


trary. To pennit easy comparison with the bulk of the data 
cited in the literature the correlation parameter selected to 
present data for the remainder of this discussion shall be 


(x/s).1-8. 


The large amount of data presented in Figs. 9a-f 
masks the differences between nozzles and between the 
change in coolant exit Mach number. Figures 10a-e show 


the effectiveness of each nozzle as a function of the selected 
correlation parameter. Nozzle I, Fig. lOa shows a rather 
wide hydrogen data spread but the remaining nozzles show 


considerably less. It should be noted that only Run 63 was 
used for nozzle 5 since the other runs were made at a lower 
tunnel static pressure and no comparable no-flow case was 
run for nondimensionalization . 
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Coolant Nozzle Parameter Evaluation 


Each of the five coolant nozzles tested was different in 
either slot height, lip thickness, Mach number or shape. The 
effects of individual parameters can be studied by making 
appropriate performance comparisons. Nozzles 1 and 2 dif
fer in slot height only . Figure 11 shows the performance of 
both nozzles plotted in the previously discussed format. It is 
clear that nozzle 1 with its 0.050 in. slot height has slightly 
superior nitrogen coolant perfonnance than the larger, 
0.075 in. , nozzle 2. The superiority, if any, is less clear for 
hydrogen. 
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Fig. 11 	 Effectiveness comparison, nozzle 1 vs 
nozzle 2, i.e. effect of slot height. 
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100 
height and lip thickness. Figure 12 shows the performance 
comparison. For both coolant gases, nozzle 2 has a slight 
advantage; at the large abscissa values, the advantage is 
more apparent. 


The results of the first series of tests were inconclusive 
concerning the effect of lip thickness on effectiveness, but 
the variation was small, 0.075 and 0.100 in. Therefore, 
Nozzle 5 was remachined to a lip thickness of 0.005 in . and 
retested . The results for hydrogen coolant shown in Fig. 13 
are nearly identical to the those in Fig. 9c for the ponion 


below an effectiveness of 1.0. At distances close to the slot 
the thin lip injector shows effectivenesses significantly 
above 1.0. A logical explanation of this result could be that 
the reduced mixing associated with the thin lip pernlits a 
greater amount of heat transfer from the wall to the sub


cooled, accelerated hydrogen (Ts = 189 R). Thus, lip thick


ness carried to the extreme in smallness has only a localized 
effect. 


Fig. 13 	 Effectiveness for a 0.005" lip, hydrogen 
coolant. 


There are two different designs among the nozzles in 
this study: a two-dimensional nozzle where the area varia
tion is due to solid, teardrop shaped pal1itions between each 
of the nine passages with the upper and lower surfaces a 
constant distance apan (Fig . 3a) and a design based on a 


Prandtl-Meyer expansion about a sharp comer that results 
in a continuous slot (Fig. 3b). Nozzles 2 and 4 represent 
these two designs with equal exit Mach number, slot height, 
and lip thickness . Figure 14 shows that the Prandtl-Meyer 
design. Nozzle 4. has slightly superior performance for both 
coolants over the entire range of abscissa except for the 
largest values with nitrogen injection . Since the heat flux 
measurements were made on the centerline of the cooled 
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wall they were not directly downstream of the breaks in the 
slot caused by the partitions of nozzle 2. Flow disturbances 
caused by the wakes of these partitions would most likely 
further reduce the performance of this design relative to the 
clean flow Prandtl-Meyer design . 
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Fig . 14 	 Effectiveness comparison - nozzle 2 vs 

nozzle 4, i.e. effect of nozzle design . 



Nozzle 4 and 5 differ only in exit Mach number, 2.0 
and 3.0, respectively. Figure 15 shows that Mach number 
has no effect on peIiormance when the data are presented 
in the normal correlation manner. This is not surprising, 


since the term A can be represented as 


A = ecUc = fjfP,M, jI + ~M1 (4) 
e",U", 	 jR~;,=P=M= jI + Y~-I M:, 


and, thus, Mach number effects should be taken into ac
count by the parameter. For each nozzle there is only one 


value of A that yields a static pressure balance with a given 
tunnel condition. Therefore, the coolant in most tests was 
either over- or under-expanded. The fact that differing val 


ues of A can be correlated as shown indicates that the pres
sure terms in Eq. 4 are sufficient to account for the effects 
of non-pressure matched conditions when they exist. 


Cary and Hefner6 showed that reducing the ratio of 
injection to mainstream total temperature reduces the cool
ing effectiveness. They achieved the effect by lowering the 
temperature of the coolant . By utilizing tests from three dif
ferent wind tunnels, Majeski and WeatheIiord8 obtained the 
same result. During this experiment, the tunnel temperanu-e 
was lowered to produce a rise in temperature ratio to study 
this phenomenon. Using nozzle 5, Run 64 was run with the 
tunnel at it nominal total temperature of 3860 R while Run 
65 was run at 3360 R. In both cases, the tunnel pressure was 
lowered to 4.2 psi a lest the nozzle reservoir would be over


~ .... ....t' 
1Ir 


(fJ 

(fJ 

w 

Z 

w 
> 
i= •
U 
w 
u.. 
u.. 
w 


o NOZZLE 4 H2 
[] NOZZLE 5 H2 
<> NOZZLE 4 N2 
.. NOZZLE 5 N2 


III I0.1 
1 10 100 1000 


(~) " A -0 8 


Fig. 15 	 Effectiveness comparison nozzle 4 vs 
nozzle 5, i.e. effect of coolant Mach 
number. 


pressured. Figure 16 (note expanded scale relative to pre
vious figures) shows the relative effectiveness of the two 
runs. The effectiveness was obtained by nondimensionaliz
ing the heat fluxes using the Run 66 no-flow values even 
though Run 66 was at a pressure of 6.2 psia . Therefore, the 
resulting effectivenesses are incorrect but are valid for a 
comparison between these runs. The result shows that the 
lower total temperature ratio, Run 64, has a slightly lower 
relative effectiveness that is more pronounced for nitrogen 
than hydrogen . 
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Fig. 16 Effectiveness comparison - Run 64 vs 
Roo 65, i.e. effect of mainsteam total 
temperature. 
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The indication that some temperature ratio effect may 
be present led to a supplemental test at a greater tunnel total 


temperature difference than shown in Fig. 16. By reducing 
the amount of hydrogen used on the vitiated air heater, the 
total temperature of the tunnel at the test section was re
duced to 2180 R, yielding a coolant to mainstream total tem
perature ratio of 0.24 compared to 0.14 for the base case. 
The results, Fig. 17, where effectiveness for hydrogen cool
ant in nozzle 2 for the two conditions are shown, indicate no 
discemable effect. Similar results were noted for nitrogen. 
The results disagree with the findings of Cary and Hefner. 6 
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Effectiveness comparison with large 
tunnel total temperature difference. 


1000 


The supplemental tests to evaluate the total tempera
ture ratio were run with the tunnel in the 0 degree diver


gence position (see discussion with Fig. 2) and pel1llitted 
evaluation of the effect of a different axial pressure gradi
ent. Figure 18 shows the axial variation of wall static pres
sure for the two different wall divergence settings. The 0 
degree divergence pressures are higher than for the 2 de
gree case but the trends are similar up to station 25 where 


there is a marked change. The effectiveness difference for 
hydrogen shown in Fig. 19 is exemplified by a slightly dif
ferent adiabatic cooling length but a significantly different 
slope. 


The variation of effectiveness with axial pressure gra
dient manifesting itself in a change of slope of the effective
ness curve may well be the reason for the tail-off of the data 
presented in Figs. 9 and 10. However, axial pressure gradi


ents exist in both coolant on and off (no flow) conditions 
thereby complicating any attempt to add a pressure gradient 
!eIm to the correlation parameter. 
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pressure gradient . 


CARS Temperature Measurements 


Instream static temperatures were measured using the 
CARS technique . 9 The measurements were made at the 
centerline, 0.5 in. downstream of the exit of nozzle 4 . It was 
estimated that the sampled volume was a sphere of 0.006 in. 
in diameter and the sampling time was 10-9 sec . Measure


ments were made at 0.050 in. increments between 0.100 in. 
and 0.300 in. from the lower wall. About 80 data points 
were obtained at each location. The average temperature 


and the standard deviation at each location are shown in 







--


Fig. 20 along with the location of the nozzle lip. Tempera
tures at distances above 0.150 in. follow the expected trends 
in both value and variation for a boundary layer at a cooled 
wall. Compared to the others both the value and deviation at 
the 0.100 in. location are markedly different. Figure 21a 
and 21 b show the temperature measurements at 0.150 in. 
and 0.100 in. respectively. The high degree of temperature 
variation in Fig. 21b is indicative of vortices shed from the 
lip (see Xing and Marenbach 10 for visualization of this phe
nomenon). The large values of static temperature occurring 
at random in the lip wake are the source of hydrogen igni
tion in the shear layer in a flow that would otherwise be too 
cold for combustion . 
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Fig. 20 	 Prandtl - Meyer nozzle - CARS measured 
static temperature 0.5 in. downstream of exit 
plane . 
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Fig. 21 b 	 CARS measured static temperatW'e at 
y=0 .10 in . 


Comparison With Other Results 


The comparison of adiabatic length based on both 
points A and B. as defined in Fig. 8, for both air and hydro
gen from published results 2-6 and those found in this study 
are given on Table 7. It is immediately apparent that the 
adiabatic lengths in this study are significantly smaller than 
those of other investigators, particularly when compared to 
Ref. 3 for hydrogen coolant. None of the parameters varied 
in this study can account for the magnitude of this discrep
ancy. 


Table 7 Adiabatic Length Based on (x/s)_A. -0.8 


Air or Nz 


Reference A B 


2 65-208 
3 100 180 1100 1100 
4 150 150 


5 85 85 
6- 89 89 
6-- >10 64 


This Study 12 .5 28 40 40 


No attempt was made to compare correlation slopes 
with data presented on Table 1 since this study showed that 
they are axial pressW'e gradient sensitive and this informa
tion was lacking in the published data. 
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Concluding Comments 	 In the present study, hydrogen had about five times the wall 


Considering all of the parameters investigated in this 
program it is surprising that the film cooling effectiveness 
cOITelation could be changed only with axial pressure gradi
ent and coolant specific heat. There must be some other 
parameter which accounts for the disparity of cooling 
lengths seen in Table 7. In hindsight, all of the parameters 


varied produced changes in the mixing of the two streams 
either physica Ily by using a nozzle design with vertical sup
pons which produce wakes or thermodynamically by creat 
ing gradients in temperature, velocity, or pressure. Since 
increased mixing of the streams reduces the ability of the 
coolant to protect the wall, the mixing produced by the vari


ation in the parameters during the test must be considerably 
less than that produced by the tunnel flowfield itself. Thus, 
it appears that the critical parameter in this test was main


stream turbulence and its effect dominated all parameters 
except axial pressure gradient and coolant specific heat. 
The turbulence level anticipated in a scramjet combustor is 
higher than in the vitiated air mainstream of this experi
ment. Therefore, use of experimentally defined effective
ness correlations from low turbulence tunnels will be overly 


optimistic . 


Consider an idealized situation where the coolant and 
the mainstream do not mix and the lip thickness is zero . For 
this case , the coolant will remain solely within its stream
tube which is bounded by the wall and the mainstream and 
absorbs heat by conduction from the mainstream . The cool
ant will reduce heat transfer to the wall compared to the no 


flow case until its temperature has the same y variation as 
the mainstream in the no flow case. The heat absorbed 
would be: 


q max = me" Cp .. (Tmax - Tin) (5) 


where T m"x and Tin are the temperatures reached if the cool
ant achieved a noflow thermal profile and the coolant inlet 


temperature, respectively. 


Any real film cooling situation would result in less heat 


absorbed than in the ideal case since mixing would occur. 
Mixing has two effects a) cold coolant moves into the main
stream where it no longer reduces the heat transfer to the 
wall and b) hot mainstream gas moves into the near-wall 
region where it heats the coolant faster than possible with 
the ideal conduction mode. Thus, it is logical to assume that 
film cooling effectiveness deteriorates with increased mix
ing . This experiment, conducted in a confined space and not 
a free jet and with a vitiated air mainstream, yielded a high


ly turbulent flow which would be expected to mix rapidly 
with the coolant and have a low effectiveness . The cited stu
dies2- provide relatively quiescent mainstreams and , 


hence, lower mixing with the coolant and higher cooling ef
fectivenesses. 


The importance of 1111Xll1g could explain the differ


ences found for the effect of specific heat in various studies. 


heat reduction capacity as nitrogen for the same mass flow 
even though its specific heat is 14 times higher. In order for 
hydrogen to fully utilize its higher specific heat it must stay 
in the near-wall region much longer than nitrogen so that it 
rises to the same temperature before mixing with the main
stream . Apparently, hydrogen mixes and ceases to be an 
effective heat absorber at a lower temperature than nitro


gen. Defining the heat reduction of each gas by using the 
effectiveness correlations obtained in a less turbulent wind 
tunnel by Parthasarathy and Zakkay3 yields a hydrogen val
ue about ten higher than air. 


Conclusions 


The test data show a remarkable insensitivity to corre
lation parameter even though two different nozzle 
types, different values of slot and lip height, and two 


levels of coolant Mach number were considered. A cor


relation parameter of (x/s).,1, - .8 collapses the data to a 


single line on a log-log plot to a reasonable accuracy. 


2 	 When compared at the same value of (x/s).,1, - . 8 injec


tors with smaller slots heights andlor lip thicknesses 
have slightly better performance. 


3 	 The cleaner flow field Prandtl-Meyer design nozzles 
have slightly better effectiveness than the two-dimen
sional design with its accompanying wakes . 


4 	 The effects of not pressure matching the coolant with 


the mainstream are accounted for by the ,1, term. 


5 	 Axial pressure gradient generally has a significant ef


fect on the effectiveness . Since different gradients ex
ist in the flow and no flow cases and the gradients may 
well vary axially, a correlation including this effect 


would be cumbersome. In any case, there are insuffi
cient data in this study to postulate a correlation to ac
count for this effect . 


6 	 Mixing reduces film cooling effectiveness. Effective
ness correlations acquired in low turbulence level wind 
tunnels are not applicable to the highly turbulent flow 
necessary to provide an efficient scramjet combustor. 
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