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RESEARCH MEMORANDUM 

INTERIJAL-FILM-COOLING EXPERIMENTS I N  4 -INCH 

DWCT WITH GAS TEME%RA!FURES TO 2000' F 

By George R.  Kinney and John L. Sloop 

The cooling effectiveness of water films on the inner surface 
of a well-insulated, 4-inch-diameter duct w a s  investigated with a i r  
flowing through the duct a t  temperatures from 600' t o  2000' F and 
Reynolds numbers from 400,000 t o  1,400,000. 
6 percent of the gas flaws were used and a few additional experi- 
ments were conducted with ethylene glycol as a coolant. 

Water flaws from 1 t o  

Liquid coolant films were established and maintained along 
the duct wall i n  co-current flow with the hot gas. 
zation of the liquid, the coolants kept the duct w a l l  below the 
boiling temperature of the liquid but l i t t l e  additional cooling 
of the duct was obtained from the coolant vapor. 

During vapori- 

Film cooling with an inert liquid having a high heat of vaporiza- 
t ion w a s  an effective cooling method. 
perature of 1600° F and a Reynolds number of 470,000, f i lm  cooling 
with a water flow of 465 pounds per hour (3.3 percent of the gas 
f l a w )  kept the duct w a l l  below 240° F f o r  a distance of 5 diameters. 

The relation between liquid-cooled length and coolant -flow 

For example, at a gas tem- 

for given gas-stream conditions w a s  nonlinear; the effectiveness 
of a given mount of coolant introduced at a single ax ia l  posi%ion 
of the duct decremed with increased coolant flow. The decrease 
i a  cooling effectiveness as coolant flow increased may make it 
desirable t o  l imit  the amount of coolant introduced at any single 
axial position and t o  introduce it at several axial positions. 
The relation between liquid-cooled length and coolant flow w a s  
unaffected by the use of various methods of coolant injection; the 
trend of the curves was  unaffected by the use of coolants having 
different physical properties. The duct area cooled by a given 
coolant flaw'increased with a decrease i n  roughness of the duct 
surface and with elimination of projections from the duct w a l l .  
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Although a complete correlation of the variables wae not 
obtained, the data were generalized by the use of heat-traasfer 
analogy i n  a form that fac i l i t a tes  the eatlaation of the quantity 
of coolant required t o  film-cool a duct f o r  a desired length when 
the temperature and the f l a w  ra te  of the hot gas are  known. 

INTRODUCTIOPJ 

I n  combustion processes involving very high beat-flux densi- 
ties as, f o r  example, i n  rocket engines, and where conventional 
cooling methods are unfeasible, effective cooling can be accom- 
plished by means of "sweat" cooling or  internal-film cooling. I n  
these methods, a layer of coolant is maintained on the inner sur- 
faces of the combustor and acts as an effective shield between the 
w a l l s  and the hot gases. 
gases flowing through porous w a l l s  are reported i n  references 1 
t o  5, i n  which theoretical and experimental data indicate the 
amount of gaseous coolant required t o  maintain a porous w a l l  at a 
given temperature f o r  known hot -gm -stream conditions. 

Investigations of sweat cooling w i t h  

The use of cestain liquids as internal coolants is desirable 

The disadvantage of forcing 
became the i r  large heat-absorption capacity (including the heat 
of vaporization) can be utilized. 
liquids through a porous surface i n  a sweating process ia  the dan- 
ger of vapor lock of the coolant within the porous w a l l  and subse- 
quent excessive w a l l  temperatures (reference 6) . 
of l iquid coolants can be overcaw by introducing the coolant at 
discrete positions within the combustion chamber and the nozzle i n  
such a manner that an effective coolan% f i lm is maintained on the 
inner surfaces between the points of coolant injection (film 
cooling). 

This disadvantage 

Exploratory work on f i lm  cooling of rocket engines by the Jet 
Propulsion Laboratory of the California Inst i tute  of Technology 
and by the NACA Lewis laboratory shared that small quantities of 
coolant are effective i n  cooling the engine. Data on f i lm  cooling 
w i t h  water i n  a 1-inch tube w i t h  a hydrogen-oxygen f lame are given 
i n  reference 7, but film-coolant flows greater than the gas flows 
were used therein f o r  most of the experiments and only about one- 
half of the water vaporized i n  the tube. Inf'ormation is needed on 
f i lm cooling f o r  applications where the coolant flow is small con- 
pared with the gas f low and where the quantity of coolant required 
can be predicted from the hot-gas-stream codi t iona . 
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A n  investigation of f i lm  cooling is therefore being conducted 
at the NACA Lewis leboratory and the results of preliminary experi- 
menta, made during 1949, are reported herein. 
ments were conducted to: 
ant could be established and maintained on the inner walls of a 
‘straight duct i n  concurrent flow w i t h  a hot gas; (b) determine the 
effects of coolant flow, gat3 f law,  and gas temperatures on f i l m -  
cooled length; and (c )  obtain a correlation that would allow pre- 
diction of the amoun* of coolant required t o  cool a duct f o r  a 
given length with known hot-gas-stream conditlona . The experiments 
were conducted i n  a 4-inch-diameter duct w i t h  gas temperatures f r o m  
600° t o  2000° F and gas-stream Reynolds numbers from 400,000 to  
1,400,000. 
injected at a single axial  position on the duct at flow rates f r o m  
1 t o  6 percent of the gas f low;  the remaining runs were made w i t h  
ethylene glycol 88 a coolant. The length of duct cooled by the 
liquid was  determined by means of thermocougles on the duct 
surf ace. 

These i n i t i a l  experi- 
(a) determine if a f i lm of liquid cool- 

For m o s t  of the experiments, the coolant was water 

The gaa temperatures investigated were limited t o  the range 

Although these temperatures are too low f o r  practical m e  
of 6OOO t o  2000° F f o r  simplification of apparatus and instrumenta- 
t ion.  
i n  rocket-cooling applicationa, they are adequate f o r  the general 
purpose of establishing the relation between the coolant flow and 
the gas-stream condltions . Film-cooling investigations a t  low tem- 
peratures should therefore provide a foundation f o r  additional 
investigations at higher temperaturea, i n  which more complex appara- 
t u s  and instrumentation are required. 

Flaw System 

The f l o w  system (f ig .  1) consists essentially of three parts: 
(1) source of hot gaa at a uniform. temperature, (2)  t e s t  section, 
and (3) exhaust system. 
air supply at a pressure of 40 pounds per square inch gage, a 
surge chamber, a jet-engine cosnbwtor, a m i r i n g  section w i t h  
orifice- and target-mixing baffles, and a calming chamber 12  inches 
i n  diameter. The t e s t  section was a 4-inch-diameterY ll8-inch-wall 
duct w i t h  a 10-diameter approach section, 8 coolant injector, and 
a 124iameter film-cooled test section. In the exhaust section 
w a s  a series of water sprays t o  quench the hot gases; this section 
wm connected t o  the laboratory exhaust system. All hot portions 
of the system, which were made of Inconel, were well insulated t o  

The source of hot gas consisted of the 
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minMze heat losses. 
chamber and by ro l l e r  stand8 located upstream and dawnstream of 
the t e s t  section. An expansion bellows w a s  installed downstream 
of the exhatm t -quenching sprays . 

The assembly was supported at the surge 

Coolant-Injection System 

The coolant-injection system consisted of supply reservoir, 
f i l t e r s ,  positive-dis=placement pump, adjustable pressure regula- 
to rs  (which controlled flow), rotameters, and coolant injectors. 

The injectors for  introducing the internal film coolants onto 
the inner surface of the test section me shown i n  figure 2. The 
jet-type injector ( f ig .  Z(a)) w a s  a brass ring having 60 holes 
0.013 inch i n  diameter equally spaced around the circumference at 
an angle of 45O t o  the axis of the ring. A stainless-steel  splash 
ring was f i t t e d  into the brass ring and a housing, which provided 
a sli-pply annulus f o r  the coolant, f i t ted over the braas ring. The 
coolant, supplied t o  the annulus about the brass ring, flowed 
through the holes i n  the ring and formed small je ts ,  which h i t  the 
splash ring. 
dawnstream and against the surface of the duct. 
between the splash plate and the injector surface did not control 
the coolant flow; the function of the splash plate was only t o  
direct  the flow, 
mately 5 percent. Two modifications of the jet-type injector shown 
i n  figure 2(a) were used f o r  sme of the experiments. 
modification consisted i n  enlarging the metering holes t o  decrease 
by a factor of 2 the velocity of the coolant je ts  impinging on the 
splash plate. 
tern of the coolant emerging from the injector by increasing the 
splash-plate clearance by a factor of 2. 

The porous-surftk-type injector ( f ig .  Z(b)) consisted of a 
copper ring with 90 s lo t s  m i l l e d  in to  the inner surface about the 
circumference. The s lo t s  were approximately 1.5 inches long and 
the thickness of the w a l l s  separating them was  approximately 
0.020 inch. Holes, 0.013 inch i n  diameter, were dr i l led  through 
the r ing into each of the s lo ts .  A l iner  of a porous wire cloth 
f i t t e d  inside the copper ring over the s lo t s .  
provided a supply annul- f o r  the coolant, fitted over the copper 
ring. 
through the small holes into the s l o t s  and then through the porous 
cloth l iner  onto the surface. The small holes metered the flow 
into each slok, which resulted in a uniform distribution of the 

This splash ring directed the flow of the coolant 
The spacing 

The splash ring blocked the gas-flow area approxi- 

The first 

The second modification w m  t o  alter the flow pat- 

A housing, which 

The coolant supplied t o  the annulus about the Xing flowed 
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flow about the CircWerence. 
over a large area, thereby reducing the f low velocity. Because the 
l iner  w a s  very porow, it did not r e s t r i c t  the flow, but provided 
a surface onto which the coolant flowed at low velooity. The air 
f l o w  over the surface of the injector carried the coolant down- 
stream along the inner surface of the duct. 

The s lo t s  spread the coolant f l o w  

Film-Cooled Test Sections 

Two film-cooled t e s t  sections and three types of duct surface 
were used during the investigation. 
1/8-inch-wall Inconel ducts, 4 inches i n  diameter and 46 inches 
long. The first duct-surface type, hereinafter designated rough- 
surface duct, waa a rolled section w i t h  a longitudinal weld; 
although the inside surface waa finished after welding, some sur- 
face roughness and waviness remained. Other surf'ace disturbances 
i n  this section were from instrumentation a;nd consisted of: (a) a 
s l o t  and a projeoting pressure probe at each of three positions, 6, 
23, and 40 inches dawnstream of the injector; and (b) four s t a t i c -  
pressure taps spaced 90° apart  at approximf%tely the sane duct- 
length positions. The second type, hereinafter designated smooth- 
surface duct, waa a seamless duct honed t o  obtain a smooth inside 
surface; there were no s lots ,  projectiom, holes, or other surface 
disturbances i n  this section. The thi rd type of duct surface used 
w a s  the rough-surface duct further roughened from products formed 
a f t e r  the m e  of ethylene glycol aa a coolant. This inadvertent 
roughening is referred t o  as "glycol-roughenedn surface f o r  con- 
venience. All ducts were insulated w i t h  3 inches of high-temperature 
Fiberglaa insulation. 

Both t e s t  sections w e r e  

Coolants 

Water w a s  wed as the coolant f o r  most of the experiments. A 
short series of runs was  made w i t h  ethylene glycol aa the coolant 
t o  determine the effect  of a change i n  physical properties of the 
coolant on film-cooling effectiveness. 
contained 3-percent rust inhibitor and 3-percent water. The pres- 
sures i n  the test section f o r  the range of conditions investigated 
varied between 20 and 30 pounds per square inch absolute, which 
resulted i n  a variation i n  the boiling temperatures of the cool- 
ants of approximately 200 F. 
were 240° F f o r  water and 360° F f o r  the ethylene glycol. 
parison of the physical properties of the liquid coolants at their 
respective boiling temperatures is given i n  the following table: 

The ethylene glycol used 

The average boiling temperatures 
A com- 
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, Btu/(lb)(OF> . . . . . . . . 1.00 

Instrmentat  ion 

Flow rate. - Air flow was mewused within1250 pounds per hour 
( 1  t o  2 percent of the air flaws) by means of an or i f ice  conforming. 
t o  standard A.S.T.M. specifications and a different ia l  water manom- 
e te r .  
fS pounds per hour (1 t o  4 percent of flow used). 

The coolant flow waa meaaured by meam of rotametem within 

Pressure. - Pressures were measured by m e a n s  of s t a t i c -  and 
total-pressuse probes i n  conjunction w i t h  mercury manometers. 
These probes were installed i n  the calming section, i n  the approach 
section before e injector, and at three locations i n  the rough- 
surPace duct ae s h m  by figure 1. The pressure measurements were 
useful i n  determining approximate gas densities and velocities i n  
the t e s t  section but were not accurate enou& f o r  me i n  determin- 
ing f r i c t ion  108seB. 

Gas temperature. - Geus temperatures were measured by mans of 
chromel-alumel thermocouples and a self-balancing potentiometer. 
Rakes containing twenty thermocouples were located i n  the calming 
section asd a rake w i t h  four thermocouples w a s  placed i n  the 
approach section 3 inches upstream of the coolant injector. The 
estimated accuracy of gaa -temperature meaeuremsnts, exclusive of 
errors induced by uncertainties i n  recovery factor, varied from 
f 1 2 O  F at 600° F t o  f250 F at 2000' F. These values were deter- 
mined from a consideration of instrument accuracy, wire calibra- 
tion, radiation and conduction heat losses, and fluctuations of 
the gas-stream temperature during runs. The recovery factor  f o r  
the thermocouples located i n  the approach section (where the Mach 
numbers were from 0.6 t o  0.7) w a s  of the order of 0.9; this  recov- 
ery factor  w a s  obtained from a comparison of the thermocouple 
readings i n  the approach section w i t h  those i n  the calming section 
(where Mach nmbers were below 0.1). B8CaWe the recovery factor  
w a s  high, the t o t a l  temperatures measured i n  the approach section 



NACA RM E50F19 7 

were used directly and were not corrected by use of the recovery 
factor.  Wall temperatures i n  the film-cooled duct were measured 
by means of chrmel-alumel themcouples and a recording potenti- 
ometer. 
of the duct, were spaced along the length of the duct at  eight 
positions around the circumference (fig. 3).  The thennocouple 
leads were kept along the w a l l  surface f o r  approximately 1 inch t o  
minimize heat loss through the leads. 
m e a s u r e d  by these thermocouples withinf10o F. 

The thermocouples, which were welded t o  the outer surface 

Wall temperatures w e r e  

PROCEDURE 

Operating conditions. - The operating procedure consisted i n  
set t ing the coolant flaw, a i r  f low,  and. air temperature at  desired 
values, allowing sufficient time f o r  conditions t o  s tabi l ize ,  and 
recording the data. The operating conditions covered the f o l l m -  
ing ranges: 

G ~ S  temperature, OF . . . . . . . . . . . . . . .  600-2000 

Coolant flow, lb/hr . . . . . . . . . . . . . . .  117 -800 
Gas flow, lb/hr . . . . . . . . . . . . . . . . .  12,500-25,600 

These conditions give the following valuea: 

Reynolds number . . . . . . . . . . . . . . .  400,000-1,400,000 
Mach number . . . . . . . . . . . . . . . . .  0.6-0.7 
Prandtl number . . . . . . . . . . . . . . . .  0.63 -0.68 
Gas mass velocity, lb/(hr)(sq f t )  . . . . . .  143,O00-293,000 
 as velocity, f t /sec . . . . . . . . . . . . .  900-1800 
Coolant f l o w  xate/gas f l o w  rate, percent . . .  1-6 

Liquid-cooled length. - Cooling effectiveness w a ~  determined 
by plotting the wall temperaturea of the test section 
of distance fromthe point of coolant injection. 
from a run w i t h  the smooth-surface duct is shown i n  figure 3. &e 
duct-wall temperature remains below the boiling temperature of the 
coolant (water) f o r  approximately 19 inches downstream of the 
point of coolant injection, rises t o  the boiling temperature, and 
then r i ses  rapidly aa the coolant vapor is dispersed into the main 
gas stream. The w a l l  temperature then approaches a value near the 
stagnation temperature of the gas coolant-vapor mixture. 
liquid-cooled length L (fig. 3) is determined from an average of 
the distances f o r  which the w a l l  remained below the boiling tem- 
perature of the coolant a t  the eight circumferential positions. 
For the smooth-surface duct, the agreement of the liquid-cooled 

a function 
A typical plot 

The 
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lengths f o r  the eight circumferential positions w a s  within about 
10 t o  15 percent; at very low coolant flaws greater variation 
occurred. 
ness of the inner surface and the instrumentation holes aad pro- 
jections caused disturbances of the liquid film and resulted i n  

For the rough-surf'ace duct, the roughness arid the wavi- 

(0 
10 more sca t te r  of the w a l l  temperatures at the various circWeren-  

t ia l  positions. The liquid-cooled length f o r  moat of the positions 57 
agreed within about 20 percent; however, a few of the positions 
differed f r m t h e  average by as much as 50 percent. 

Effect of gravity on liquid film. - Annular f l o w  of a liquid 
on the inner walls of a duct w i t h  gas flawing through the  duct at 
hi& velocity can be established (refexence 8). 
i n  the experiments reported herein were sufficiently high t o  main- 
t a i n  the annwlar coolant flow established by the coolant injector. 
The effect of gravity would be t o  decrease the proportionate film 
thickness i n  the uppez portiom of the horizontal duct f o r  a 
decrease i n  gas flow. The effect  of gravity, however, although 
noticeable fo? some runs, w a s  of insufficient magnitude t o  affect  
the trends observed i n  f i lm  cooling. 

The gas velocities 

Reproducibility of results.  - A t  various times throughout the 
investigation, runs were made at the same conditiom t o  determine 

. 

the reproducibility of results.  
tions, the variation i n  liquid-cooled length w a s  8 percent; f o r  
seven runs at another s e t  of conditions, the variation i n  liquid- 
cooled length waa 6 percent; f o r  three runs at st i l l  another set 
of conditions, the variation i n  liquid-cooled length was 14 per- 
cent. These results indicate reproducibility within 14 percent 
and that  most results are reproducible within a smaller variation. 

For ten run8 a t  constant condi- 

RESULTS AM, DISCUSSION 

Effect of Gas Temperature and Mass 
Velocity on Liquid-Cooled Length 

Liquid-cooled length is s h m  i n  f i w e  4(a) a% a function of 

The data, obtained w i t h  the 
gas temperature w i t h  gas mass velocity as et pwameter and coolant 
flow constant at  464 pounds per hour. 
rough-surface duct, show a large decrease i n  liquid-cooled length 
w i t h  increase i n  temperature i n  the range of 800' t o  about 1400' F; 
from 14000 t o  2000° E' the rate of decrease i n  liquid-cooled length 
w i t h  increased temperature is comparatively small. These curves 
follow the expected trend from inf in i te  liquid-cooled length f o r  
no temperatme difference between gag stream and coolant t o  an 
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asymptotic approach t o  zero liquid-cooled length as the tempera- 
ture  difference between gas stream and coolant increases t o  large 
values. Increased gas maas velocity results i n  decreased liquid- 
cooled length. llhis effect  is more clearly sham in.figure 4(b), 
where the same data are plotted as a function of gas m~lss velocity 
w i t h  temperature as a parameter. 
the m88s velocity increases and the slope of the curves increases 
with decreasing gae temperature. 

The cooled length decreases as 

Effect of Coolant Flow on Liquid-Cooled Length 

Liquid-cooled length i n  the rough-surface duct is plotted i n  
figure 5(a) as a function of coolant f l o w  at  two  gas temperatures 
and two gas fluwa at  each temperature. For each of the different 
gas -stream conditions, the relation between the liquid-cooled 
length and the coolant flow is  nonlinear over the range of coolant 
flm investigated. The slope of each of the curves is greatest 
at low coolant flaws and decreases w i t h  increased coolant flow. 
The ra te  of change of slope decreases w i t h  coolant flow; at the 
high flows the elope is essentially constant. Similar data f o r  
the smooth-surface duct (fig.  S(b)) show the same characteristic 
trends as those obtained with the rough-surface duet (fig.  5(a)). 

A comparison of the data obtained w i t h  the smooth- and rough- 
surface ducts at the same hot-gas-stream conditions (gas tempera- 
ture, 1400° F and mass velocity, approximately 163,000 lb/(hr)(sq f t ) )  
shows that the liquid-cooled length is  greater fo r  the smooth- 
surface duct than for t he  rough-smace duct and that the dif-  
ference between the curves increases w i t h  increasing coolant 
flow. 
duct is about 20 percent greater than that f o r  the rough-surface 
ducts at a coolant f l o w  of 400 pounds per hour. 

For example, the liquid-cooled length for the smooth-surface 

The data of figure 5 show that film cooling w i t h  an inert, l i q -  

For example, at  a gas temperature of lSOO0 F and a Rey- 
uid having a high heat of vaporization is an effective cooling 
method. 
nolds number of 470,000, water at the r a t e  of 465 pounds per hour 
(or i n  the proportion of 3.3 percent of the gas flow) kept the 
w a l l  temperature of the smooth section below the boiling tempera- 
ture of the water (liquid-cooled length) f o r  5 diameters ( f ig .  5(b)). 
In contrast, cooling the same duct length w i t h  a water jacket on 
the outer surface of the duct and assuming an allowable tempera- 
ture rise of 150' F would require about 1440 pounds per hour of 
cooling water. 
ized fromthe surface, th i s  particular comparison indicates that  

If i n  film cooling a l l  the water is assumed vapor- 



the effective heat-transfer coefficient f o r  the film-cooling proc- 
ess is about 2.5 times greater than that obtained w i t h  conventional 
cooling. 

l?urther Investigations on Effect of Coolant 
Flow on Liquid-Cooled Length 

Additional expgriments were made t o  determine if a change i n  
coolant properties o r  coolant-injection method would affect  the 
trends sham. by the curves of figure 5. The results of experi- 
ments w i t h  ethylene glycol as a coolant w i t h  the glycol-roughened 
surface are shown i n  figure 6 .  Also shown arre data w i t h  water i n  
the same duct but at different gas-stream conditions. 
show the same characteristic trends &g those of figure 5, even 
though the glycol had a greater viscosity and smaller heat of 
vaporization than water. The data of figure' 6 do not permit a 
comparison of the cooling effectiveness d' glycol and water because 
of the different gw-stream conditions, but the data do show the effect 
of surface roughness on cooling effeotiveness. The increased sur- 
face roughness caused by the glyool deposits lowered the cooling 
effectiveness, &g can be seen by comparing the data f o r  water f r o m  
figure 6 w i t h  comparable conditions of figure 5(a). 

The data 

The results of experiments &e t o  determine if coolant- 
injection methods affected the trends of the curves i n  figure 5 
are sham by figure 7. Liquid-cooled length is shown i n  f ig-  
ure 7 ( a )  &g a function of coolant flow with th0 rough-surface sec- 
tion; the stand& j e t  injector and two modified jet injectors 
(fig. 2(a)) were used. 
decreased the emerging velocity of the coolant jete by a factor 
of 2 and altered the f l o w  pattern fromthe injector, the trends of 
the curves are the same and no measurable differences i n  cooling 
effectiveness were obtained. 
w i t h  the standard jet-type injecltor and the porous-surface injec- 
tor,  which had a very low coolant emergence velocity, is shown i n  
figure 7(b). The results,  obtained w i t h  the glycol-roughened sur- 
face, show that the trends of the curves are the ~ a m e  &B thoee of 
figure 5 and no measurable difference i n  coofiw effectiveness w a s  
obtained. These comparisom of coolant-injection methods showed 
the cooling effectiveness t o  be independent of the velocity at 
which the coolant waa uniformly admitted about the circumference 
of the duct f o r  the conditions investigated. 

Although the modified j e t  iqjectore 

A comparison of results obtained 
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Discussion of Results 

11 

The nonlineazity of the plots of liquid-cooled length as a 
function of coolant flow may be cawed by the combined effects of 
increased loss of liquid coolant fromthe w a l l  and an increase of 
exposed area of the liquid per uni t  duct area with increased cool- 
ant f law.  Both these factors would be inf'luenced by disturbances 
of the liquid surface caused, f o r  example, by the interaction 
effect  of gas and liquid, by a change frm laminar t o  turbulent 
flow of the liquid, and by eruptions of the liquid surface by 
rapid boiling; the surface disturbances may have increased appreciably 
with coolant flow. 

Ah example of a possible interaction effect  between gas and 
liquid is the formation of waves a s  reported in  reference 8; how- 
every the ra t ios  of liquid flow t o  gas flow investigated were not 
in the same range a= those of the experiments reported herein. 
Boiling may came considerable disturbance of the liquid film and 
the magnitude of t h e  disturbiince mzy be affected by the thickness 
of the f i l m  and therefore by coolant flow. 

The experiments showed tha t  the decrease i n  cooling effective- 
ness per unit coolant flow was not overcome by changes i n  method 
of coolant inJection, by the use of a very smooth duct, o r  by a 
coolant of different physical properties. 
economy, .it therefore appears deslmkle t o  l i m i t  the quantity of 
coolant introduced at  any single axial position along the duct and 
t o  introdnce the coolant at several axial positions. 

For maximum coolant 

The following symbols are used i n  th i s  report: 

cross-sectional area of film-cooled duct, (sq f t )  

liquid-film-cooled surface area, (sq f t) 

average specif'ic heat at constant pressure of liquid cool- 
ant, Btu/(lb)/(°F) 

cooled duct, Btu/(lb)/(OF) 
specific heat a t  constant pressure of gas entering film- 

diameter of film-cooled duct, ( f t )  
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G 

Bp 

mv 

h 

k 

5, 

Pr 

Re 

St 

TiE( 

Ti 

TS 

WC 

wG 

IJ. 

ma8s velocity of hot gas, (lb/hr/sq ft) 

heat of vaporization of coolant, Btu/(lb) 

co 
Lo 

change in enthalpy of liquid from entecing condition through 

heat -transf er coefficient, Btu/( hr) (sq f t ) (OF) 

thermal conductivity, Btu/(hr) (sq ft) (OF/ft) 

3 vaporization, Btu/( lb) 

liquid-f ilm-cooled length, (ft) 

"I+ Prandtl number, - 
k 

DG Reynolds number, - 
P 

h k 
Stanton number, - c G Q*,BL~ 

3 

stagnation temperature of gaa stream entering film-cooled 

temperature of coolant before injection, (OF) 

duct, ( O F )  

temperature of coolant liquid surface (saturation tempera- 

coolant flow, (lb/hr) 

ture), (OF) 

gas flow, (Wb) 
viscosity, (lb) /(hr) (ft ) 

A complete correlation of the data was not obtained because 
of the nonlinearity of liquid-cooled length with coolant flaw and 
the effect of surfme roughness on cooling effectiveness. Prelim- 
inary correlations of the data were made, however, by analogy with 
conventional heat -transf er relatiom . 
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The liquid-cooled length wm used t o  calculate a heat-transfer 
coefficient between the hot gas stream and the liquid-cooling f i l m  
as follows: 

A correlation w a s  made i n  which this heat-transfer coefficient 
was used and i n  which a l l  the coolant w a s  aasurned vaporized by 
heat transfer from the hot gas stream t o  the liquid film. The 
re lat ive velocity between the gas stream and the coolant f i lm  waa 
assumed large enough so  that the heat transfer between them could 
be treated i n  the same manner as heat transfer between hot gases 
flawing in  a duct and the duct walls. The correlation is made i n  
the form of 

S t  = f(Re,Pr) 

The Stanton nmiber for each run w a s  calculated fromthe heat- 
transfer coefficient, the specific heat of air at the stagnation 
temperature of the gas stream, and the mass velocity of the gae 
stream. 
culated by using the physical properties of air at  the stagnation 
temperature of the hot gas stream. 

Pranatl number and Reynolds number fo r  each run were cal-  

Figure 8 sham a log-log plot of Stanton number divided by 
Prandtl number raised t o  the -0.6 Rower against Reynolds number 
f o r  results obtained from the rough-surface duct. (Data from the 
smooth-surface duct did not include a sufficient range of gas- 
stream conditions to  make a similar correlation.) The f r a t 1  
number exponent of -0.6 was  assumed from conventional heat-transfer 
correlatlons because Prandtl number did not vary appreciably dur- 
ing the runs. 
stream temperatures from 600’ t o  2000’ $, mass velocities of the 
gas stream from 146,000 t o  293,000 pounds per hour per square foot, 
and Reynolds numbers from 400,000 t o  1,400,000. The three l ines 
represent correlations for three coolant flows f o r  which suff i- 
cient data w e r e  obtained at  various gas-stream conditions. The 
coolant flows, 369, 464, and 654 pounds per hour, are each in the 
region where the rate of change of slope of the curves of f ig -  
ure 5(a) is small. Included on figure 8 is the l ine  f o r  conven- 
t ional  heat transfer t o  duct w a l l s .  The values of heat-lransfer 
coefficients f o r  the film cooling are considerably greater. 

The results shown include data obtained a t  gas- 
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The data of figure 8 f o r  a coolant flow rate of 464 pounds 
per hour were used t o  determine the Reynolds number function, 
because mre data w e r e  obtained f o r  this flaw than f o r  the other 
flm. The slope of the l ine shows that 

S t  0.07 
- R e  

The data at coolant flows of 369 and 654 pounds per hour 
indicate approximately the same function of Reynolds number. For 
data obtained at a coolant f l a w  of 464 pounds per hour, 45 out of 
48 runs fell within *8 percent of the correlation line. 
three points were 11, 14, and 17 percent fromthe lines. Reproduc- 
i b i l i t y  of the same order of magnitude 8t3 that obtained f o r  liquid- 
cooled lengths at constant operating conditions is thus ihiicated. 

The other 

The function of Reynolds number obtained f o r  heat tranf3fer t o  
the coolaqC f i lm  different from that obtained f o r  conventional 
heat transfer t o  duct w a l l s  Re-'*' 
the differences in physical si tuation between the two cases. 
coolant f i lm has a velocity i n  the direction of flow of the hot 
gae and vaporization of the coolant f i lm is occurring. 
the coolant f i lm w i t h  the hot gae stream, which is unaccounted f o r  
i n  the assumptions made i n  the heat-transfer -logy, may also 
affect  the function of Reynolds number. 

i B  not surprising because of 
B e  

Mixing of 

In  order t o  assemble a l l  the data, the heat-transfer relation 

S t  I f(Re,Pr) 

WBB solved i n  terms of coolant flow by substituting the relation 
f o r  heat-transfer coefficient, previously defined,, i n  Stanton num- 
ber. 
ure 8 is used, the re la t ion becomes 

When the function of Reynolds number determined from f ig-  

A plot of this function is shown i n  figure 9 w i t h  water i n  
the rough- and smooth-surface ducts and also water and glycol i n  
the rough section w i t h  glycol deposits on the surface. By means 
of these plots, the coolant flow required t o  maintain a liquid- 
cooled surface over a given area f o r  knm gas-stream temperature 
and f low conditions can be estimated. In  figure 9(a) (water i n  
rou&-surface duct), the spread of the data is approximately the 
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same as that obtained f o r  reproducibility of liquid-cooled length 
at  constant experimental conditions aad the same as the spread of 
the data in  the Stanton number comelatiom. Fromthese data, lit- 
t l e  or  no change of slope of the relation is apparent at coolant 
flows above about 350 pounds per hour. 

A t  coolant flows above about 400 pounds per hour ( f ig .  9(b), 
water i n  smooth section), the data show less sca t te r  than those of 
figure 9(a); but the data are fewer and cover a more limited range 
of gas-stream conditiona. A t  coolant flows below about 400 pounds 
per hour, the cooling parameter (ordinate of f ig .  9(b)) decreaees 
w i t h  increased gas temperature. 

r w 

The heat-transfer analogy used f o r  the preliminary correla- 
tions of the data (fig.  8) correlates the data at the hig;her cool- 
ant flows where l i t t l e  change of slope of the liquid-cooled length - 
coolant-flow relation OCCUTS. A t  the low coolant f l ow,  however, 
the data are not sat isfactor i ly  correlated 88 can be seen by the 
trends sham i n  figure 9(b). 
low coolant flows is not so apparent i n  figure 9(a), possibly 
became of effects of the rough surface of the section and the 
limited amount of data taken. 

This effect of temperature at the 

Data obtained w i t h  ethylene glycol and water as coolants i n  
the glycol-roughened duct are shown i n  figure 9(c). Although the 
data are limited, the results show that two coolants w i t h  consid- 
erably different physical properties can be correlated, which indi- 
cates tha t  the effectiveness of inert  coolants i n  f i lm  cooling is 
proportional t o  the i r  heat-absorption capacity a6 liquids and their  
heat of vaporization. 
w i t h  water is about twice that obtainable w i t h  glycol. It is prob- 
able tha t  coolant properties w i l l  affect f i lm  cooling at  coolant- 
t o  gaa-f lar rat ios  at which maintaining annular coolant flow along 
the duct walls is cr i t ica l .  

On this  basia, the cooled length obtainable 

The effect  of surface roughnese, previously mentioned, can 
also be seen by comparing figures 9(a), 9(b), and 9(c).  
i n  sur9ace roughness and elimination of surface projections increase 
the liquid-cooled length at a given coolant flow f o r  the same tem- 
perature and hot-gas f low.  
the coolant f i h ,  promotes liquid loss  from the w a l l ,  and i n  some 
cases may came the formation and the growth of a hot region i n  the 
m e t a l  w a l l  downstream of the projection. 

A decrease 

A projection from the w a l l  disrupts 
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SUMMAHY OF RESULTS 

An investigation was conducted on the cooling arPfectiveness 
of liquid films on the inner surface of a well-insulated, 4-inch- 
diameter duct w i t h  air flowing through the duct at temperatures 
from 600' t o  2000' F and Reynolds numbers from 400,000 t o  
1,400,000. Water was investigated as the coolant a t  f l a w  
rates  from 100 t o  800 pounds per hour (1 t o  6 percent of the 
gas flow); cooling effectiveness was determined by means of' 
wall-temperature measurements. A few additional experiments 
were conducted w i t h  ethylene glycol a s  a coolant. 
s u l t s  of' the experiments are  summarized as follows: 

The re- 

1. The effectiveness of film oooling is i l lustrated by the 
following data: A t  a gas tenperature of 16000 F a3ld a Reynolds 
number of 470,000, f i lm  cooling w i t h  a water f l o w  of 465 pounds 
per hour (3.3 percent of the gas flaw) kept the duct-wall tempera- 
ture below the boiling point of the water (2400 F) f o r  a distance 
of 5 Ciameters. 

2. The relation be%ween liquid-cooled length and coolant f l a t  
f o r  given gas-stream conditions was  nonlinear; the effectiveness 
of a given amount of coolant introduced at a single axial  position 
of the duct decreased w i t h  an increase i n  coolant flow. 

3. The relation between liquid-cooled length and coolant flow 
was  unaffected by the w e  of various methods of coolant inJection 
and the trend of the curves xas unaffected by the use of coolants 
having different physical properties. 

4. The duct area cooled by a given coolant f l o w  increased 
w i t h  a decrease i n  roughness of the duct surface and from elimina- 
t ion of projections fromthe duct w a l l .  

5. Although a complete correlation of the variables (coolant 
f low,  gas f low,  and gas temperature) waa not obtained, the data 
f o r  both water and glycol as coolants were generalized over part 
of the coolant-flaw range investigated by the use of heat-transfer 
analogy i n  a form that fac i l i t a ted  the estimation of the quantity 
of coolant required t o  film-cool a duct f o r  a desired length when 
the temperature and the f l o w  of the hot gas were known. 
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CONCLUSIONS 

17 

The following conclusions are drawn from the experiments 
reported herein where the inner surface of the w a l l s  of a duct 
containing flowing hot gams were film-cooled with water: 

1. A liquid coolant f i lm can be established and maintaind 
along a duct w a l l  i n  co-current flow with a hotgaa,and the cool- 
ant w i l l  keep the duct w a l l  below the boiling t m p r a t u r e  of the 
liquid while the liquid is vaporizing; a f t e r  the liquid is vapor- 
ized, l i t t l e  additional cooling is obtained fromthe coolant 
vapor. 

2. Cooling effectiveness, o r  the surface mea cooled per uni t  
coolant flow, decreases with coolant flow; it may thm be desir- 
able t o  linrit the amount of coolant introduced at any single axial 
position and t o  introduce it at several axial positions. 

Lewis Flight fsopulsion Laboratory, 

Cleveland, Ohio, 
National Advisory Committee f o r  Aeronautics, 

1. Duwez, Pol, and Weeler, E. L., Jr.: An Experimental Study of 
Sweat Cooling with Nitrogen artd Hydrogen. 
Power Plant Lab. Proj. No. pllx801, J e t  Prop. Lab., C.I.T., 
Sept. 24, 1947. 
Dept . Contract No. W-04-200-ORD-455. ) 

Prog. Rep. No. 4-47, 

(AMC Contract No. W-535-ac-20260, Ordnance 

2.  Duwez, Pol, and %heeler, H. L., Jr.: Heat-Transfer Measurements 
i n  a Nitrogen Sweat-Cooled Porous Tube. 
Power Plant Lab. Proj. No. MX801, J e t  Prop. Lab., C.I.T., 
Nov. 6, 1947. (AMC Contract No. W-535-ac-20260, Ordnance 
Dept . Contract Bo. W-04-200-ORD-455. ) 

Bog. Rep. No. 4-48, 

3. Ramie, W. D. : A Simplified Theory of Porous Wall Cooling. 
Prog. Rep. Mo. 4-50, Power Plant Lab. Proj. No. p/Ix801, J e t  
Prop. Lab., C.I.T., Nov. 24, 1947, (AMC Contract No. 
W-525-ac-20260, Ordnance Dept . Contract No. W-04-200-ORD-455. ) 



18 NACA RM E50F19 

4. Canright , Richard B. : Preliminary Experimnts of Gaeeoue Trans- 
piration Cooling of Rocket Motors. Bog. Rep. N o m  1-75, Power 
Plant Lab. Prod. No. MX801, Jet Prop. Lab., C.I.T., Nov. 24, 
1948. (AMC Contract No. W-535-ac-20260, Ordnance Dept. Con- 
tract No. W-04-200-0-455.) 

5. Wheeler, H. L., Jr . : The Influence of Wall Material on the 
Sweat-Cooling Process. 
C .I .T., May 3, 1949. 

Prog. Rep. No. 4-90, Jet Prop. Lab., 
(Ordnance Dept . Contract No. 

W-04-200-Om-455. ) . 

6. Duwez, Pol, and Wheeler, H. L.: Preliminary Experiments on the 
Sweat-Cooling Method. Bog. Rep. No. 3-13, Power Plant Lab. 
Proj. No. MX527, Jet Prop. Lab., C.I.T., July 18, 1946. 
Contract No.  W 33-038 ac-4320.) 

(A!TSC 

7. Schurman, Glenn A . :  An Investigation of Film Cooling in a Flame 
Tube. Bog. Rep. No. 1-74, Power Plant Lab. Proj. No. MX801, 
Jet Prop. Lab., C.I.T., June 30, 1948. 
W-535-ac-20260, Ordnance Dept . Contract No. W-04-200-ORD-455. ) 

' 

(MC Contract No. 

8. Martinelli, R. C., Boelter, L. M. K., Taylor, T. H. M., Thomen, 
E. G., and Morrin, E. H.: 
Phase Two-Component Flow in a Horizontal Pipe. 
vol. 66, no. 2, Feb. 1944, pp. 139-151. 

Isothermal Pressure Drop f o r  Two- 
Trans. A.S.M.E., 



NACA RM E5QF 19 

Circum- 
f e r en t  i a l  
pos i t i on  . 

1 

i 
! 

19 

Location of thermocouples - distance downstream of 
coolant i n j ec t ion ,  in .  

Rough-surf ace duct  Smooth-surface duct 

a2 -25929 9 3 9 37 9 41 Y 45 a3 -25 Y 29 9 3 3 9 37 9 41,45 
5 ?  9,139 17921925929945 
599 9 13,17921125,293 3,37141945 

5,9113,17921925Y299 3 ,37941945 

5 9 9 , 13 ? 17 921Y25 9299 3 Y 37,41945 

t 13,219299 5 
2 Y 5,9 9 13 9 21 1 29945 
13,21Y 29 Y 45 
29 5 9 9,13921929 9 4 5  

13921,29945 

13921929 9 45 
2.Y 5 Y 9,13 Y 21Y29 Y 45 

5,9913917921925,299 t- 5 

5,9,13917921925,29, l 5 

5,9913,17921,251299 i 5 

TABU I - LOCATION OF THERMOCOUPLES ON 

8 1 1  

FILM-COOLED TEST SECTIONS 

End view of  t e s t  sec t ion  i n  upstream d i r e c t i o n  
showing c i rcumferent ia l  pos i t ions  

of thermocouples 

TgG&7 
I I 
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4 

Gas-stream temperature,OF 

( a )  E f f e c t  of temperature a t  var ious gas mass v e l o c i t i e s .  

Figure 4. - Var ia t ion  of l iquid-cooled l e n g t h  with as-stream tempera- 
t u r e  and mass v e l o c i t y  for water.  Coolant flow, 4.84 pounds per  hour; 
rough-surface duc t .  
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1.6 1.8 2.0 
Gas m a s s  v e l o c i t y ,  lb/(hr)(sq f t )  

(b) E f f e c t  of gas mass v e l o c i t y  a t  var ious temperatures .  

Figure 4. - Concluded. Var i a t ion  of l iquid-cooled l eng th  w i t h  gas-stream 
temperature and mass v e l o c i t y  f o r  water.  Coolant flow, 464 pounds p e r  
hour; rough-surf ace duct  . 
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t Gas Gas mass Reynolds 
temper- ve l o c i t  y number 
a t u r e  lb 
(OF) ( b r l ( s q  ft$ 

o 800 1.65~10~ 6.80~105 

A 1400 1.63-1.73 5.20-5.60 
0 800 2.67 11.00 t v 1400 2.07 6.65 

Coolant f l o w ,  lb/hr 

( a )  Rough-surface duct.  

‘ Figure 5.  -*Var i a t ion  of l iquid-cooled l eng th  wi th  coolant  flow. I 
i 
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s 1 ° ~  9 

200' 300 400 500 600 800 

C o o l a n t  f l o w ,  lb/hr 

(b) Smooth-sur face  

w i t h  c o o l a n t  f 
- Concluded.  V a r i a t i o n  

d u c t  . 
of l i q u i d - c o o l e d  length 
low. 
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C o olant Ga s 

--I_- 

300 400 500 600 

Coolant flow, lb/hr 

e 6 .  - Var ia t ion  of l iqu id-cooled  l e n g t h  w i t h  coo lan t  . Coolants ,  water  and e thy lene  g lyco l ;  glycol-roughened 
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100 200 300 400 
Coolant flow, lb/hr 

( b )  Standard j e t  and porous-surface i n j e c t o r s ;  
gas tern e r a t u r e ,  8000 F; gas mass ve loc i ty ,  

glycol-roughened sur face .  
2 . 5 8 ~ 1 0  9 pounds per  hour per  square f o o t ;  

Figure 7. - Concluded. Variat ion of l i q u i d -  
cooled length  w i t h  coolant  flow f o r  var ious 
coolant  i n j e c t o r s .  Coolant, water. 
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Figure 8. - Correlation of data at constant 
coolant f l o w  b y  heat-transfer analogy. 
Gas temperatures, 6000 to 2000' 
mass velocities, 1.43 to 2 . g J x l . O ~ ; p % ~ d s  
per hour per square foot; rough-surface 
duct . 
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0 
I 
cc 
pc 
r- 
0 

Coolant flow, lb/hr 

(a) Coolant water; rough-surface duct; gas mass veloc- 
ities, 1 .13  to 2.9 x105 
Reynolds numbers, { to l[xlO5. ounds per hour per square foot; 

Figure 9. - Variation of cooling parameter with coolant flow 
from heat-transfer analogy. 
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0 200 300 400 500 600 700 800 

b )  Coolant, water ;  smooth-surface duc t ;  gas  mass veloc- 

Coolant f l a w ,  lb/hr 

i t i e s ,  1.53 t o  1.64~105 pounds per  hour p e r  square f o o t ;  
Reynolds numbers, 4.7 t o  6.07~105. 

i g u r e  9. - Continued. V a r i a t i o n  of cool ing  parameter w i t h  
coolan t  f low from h e a t - t r a n s f e r  analogy. 
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Coolant flow, lb/hr 

( c )  Coolants ,  water and g lyco l ;  rough-surface duc t  
w i t h  g l y c o l  d e p o s i t s ;  gas mass v e l o c i t i e s ,  1.43 
t o  2.75~105 pounds pe r  hour p e r  square f o a t ;  
Reynolds numbers, 6.2 t o  12x105. 

w i t h  coolan t  flow from h e a t - t r a n s f e r  analogy. 
F igure  9. - Concluded. Var i a t ion  of cool ing  parameter 

NACA-Langley - 9-21-50 - 300 


