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ABSTRACT 

The results and evaluations of an experimental investigation of the 
feasibility of an advanced cooling concept using liquid foams for ‘film 
cooling of a rocket engine a r e  presented. 
consisted of laboratory tests to confirm the high pressure existence of 
water fire-fighting foams and amine foams, and heat transfer tests of 
the concept in 3000 lbf, 300 psia heat s ink and acrylic engines. In one 
test, a rocket engine 25.5 inches long was completely cooled to the 
saturation temperature of the coolant while maintaining a high coolant 
efficiency. It was concluded that foam has superior anti- streaking char - 
acterist ics and higher cooling capacities than its unfoamed liquid. 

The experimental investigation 
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SUMMARY 

An experimental investigation into the feasib ty  of a new adaptation 
of rocket engine liquid film cooling has been made id film cooling 
becomes extremely attractive for very large thrust es  where the per- 
cent coolant required reduces to  less  than 1 percent of the total propellant 
flow level and because the coolant itself may add to the overall impulse. 
Unfortunately, through, liquid cooling efficiencies greater than 3 0  percent 
a r e  seldom achieved in controlled laboratory heat transfer experiments 
because the liquid is subjected to severe gas - liquid interface shear 
s t ress  which results in wave stripping and streaking a t  typical rocket 
engine Reynolds numbers. 
for liquid film cooling i f  this major shortcoming can be overcome. 

. 

There appears to  be good potential applications 

This investigation was directed a t  evaluating the feasibility of foamed 

Potential improvements in cool- 
liquid a s  a potential means of overcoming the low cooling efficiencies and 
streaky coverage of conventional liquids. 
ing efficiency and coverage could result from the unusual properties of 
foams : 

0 

0 

0 

0 

0 

Thermal conductivities approaching those of the parent gas 
which should result in excellent thermal insulation capability 

Viscosities over an order of magnitude greater than those 
for the parent liquid which should minimize liquid stripping 

Improved ability to cling and spread brought about the reduced 
reduced surface tension of the liquid 

Significantly reduced density allowing much larger  
coverage per given quantity of fluid 

Improved radiation heat resistance brought about by 
improved reflectivity of foam. 

A two-part experimental program was devised to evaluate the feasi- 
bility of foam film cooling. 
and preliminary foam evaluation tests a t  high pressure to confirm the exis- 
tence of foams under pressure.  
directed at determining the efficiency, stability, and streaking character - 
is t ics  of sundry foamed and nonfoamed coolants at 300 psia in the subsonic, 
sonic, and supersonic flow regimes of a typical 3000 lbf rocket engine. 

Preliminary evaluations of several water fire-fighting foams and a 

The first par t  consisted of cold flow testing 

The second par t  of the investigation was 

N2H4 foam were conducted in a glass venturi flowing 300 psia gas a t  typical 
rocket engine Reynolds numbers. The existence of a good guality foam at 
these pressures  and the ability of a foam to pers is t  for distances a t  least  
25 inches in the subsonic, sonic, and supersonic regions of the glass  ven- 
turi were visually confirmed. 
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Heat transfer tests were then conducted with several of the water 
fire-fighting foams in  heat sink and acrylic rocket engines. The engine 
design was flexible so that variations could be made in chamber length, 
injector type, o r  propellant combination. 

A general evaluation of the results from 41 tests indicated: 

c 

8 

8 

8 

8 

8 

The stable existence of foam in the hostile environment 
of combustion and flow regimes of a rocket engine 

Foam cooling efficiencies ranging from 50 to 70 percent 
could be achieved for propellant combinations having 
good combusion characteristics. In one test, a rocket 
engine 25.5 inches long was completely cooled to the 
saturation temperature of the coolant 

A protein fire-fighting foam at an expansion ratio of from 
20 to 30 gave superior cooling efficiencies over other 
foaming agent types 

Foams in general possess higher effective cooling 
capa citie s and superior anti - streaking char a c te r i s tic s 
than nonfoamed liquids 

Film cooling efficiencies a r e  strongly influenced by 
combus tion interactions 

The coolant, even though nonreactive, did not signif- 
icantly degrade the performance of the engine. 

A generalized correlation for film cooling in the combustor section 
of a rocket was developed and used to  extrapolate the results of this study 
to large engine sizes where it is predicted that the fraction of coolant to 
propellant will drop to negligible quantities. 
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1. INTRODUCTION 

Over the past 15 years little progress has been made in  the advance- 
ment of liquid film cooling, although thrust chamber heat transfer prob- 
lems have increased with the use of high engine pressures  and high energy 
propellant combinations. 
ive for very large thrust engines where the percent of coolant required 
reduces to about 1 percent of total propellant flow level. 

Liquid film cooling becomes extremely attract- 

A cursory literature search and analysis were made for conventional 
liquid film cooling. 
achieved in controlled laboratory heat transfer experiments because the 
liquid film is subjected to  severe shear s t ress  which results in wave strip- 
ping at  typical rocket engine Reynolds numbers. 
ing can only be achieved by a multiplicity of closely spaced injection ports. 
There appears to be good potential application for liquid film cooling i f  
the major inefficiency can be overcome. 

Cooling efficiencies greater than 30 percent a r e  seldom 

Practical  liquid film cool- 

In early 1968 TRW Systems conducted an investigation into the use 
of foamed liquids a s  potential film coolants. The first step in evaluating 
foams a s  film coolants was to make a comprehensive literature and state- 
of-the-art survey. Unfortunately, only very few references of any value 
were found. F i re  fighting foams seemed to be the predominant application 
area.  
unusual properties such as: 

The literature did show, however, that foams do possess many 

0 

0 

0 

0 

0 

Thermal conductivities approaching those of the parent 
gas 

Viscosities over an order of magnitude greater than 
those for the parent liquid 

Improved ability to cling and spread brought about 
by the reduced surface tension 

Significantly reduced density allowing much larger 
surface coverage per  given quantity 

Improved radiation heat resistance brought about by 
improved reflectivity of foam 

These properties appeared to  be ideally suited to the improvement 
of film cooling. 

An in-house experimental research program was devised to demon- 
The objectives of the strate the technical feasibility of foam film cooling. 

study were to: 

0 Evaluate the feasibility of foam film cooling 

0 Investigate foam requirements 
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0 Investigate foam stability properties 

0 Determine chemical sensitivity in earth storable fuels 

0 Investigate foam generation techniques 

Experimental tests in nominal 100 lbf 86 psia, N2H4 - N2O4 heat 
sink and plexiglass engines gave positive results for all  the objectives: 

Foam cooling rates  as low as 2 wt-percent of the total pro- 
pellant flow were demonstrated to maintain engine wall 
temperatures throughout a coolant saturation temperature 
at high cooling efficiency. 

0 

0 The foam film was observed in plexigbass and g lass  engines 
in subsonic and supersonic flow regions undertypical cold 
flow and combustion temperatures and was found to be stable 
(no stripping). 

0 Typical f ire fighting foaming agents were found to be 
compatible with the hydrazine family of fuels. 
hydrazine was found to form a very stable foam with a poly- 
mer  agent. 

In particular, 

0 Several foam generation and injection techniques were 
demonstrated. 

Following these highly successful investigations, the current pro- 
gram was initiated to provide additional feasibility evaluation of the con- 
cept in longer hardware and higher pressures.  

Prior to  the time the current foam program was initiated, TRW 
Systems was awarded a contract (F04611-68-6-0054) from Air  Force 
Rocket Propulsion Laboratory, Edwards, California to develop and demon- 
strate a 3000 lbf thrust N2O4/N H4 injector at a nominal 300 psia chamber 

duct the foam tests, using tested and proven designs from the Air Force 
program. 
foam tests. 

pressure.  For the foam feasibi 4 i t y  study program it was proposed to con- 

Separate hardware of identical design was fabricated for  the 

In summary, the overall objective was to conduct a parametric 
feasibility study to determine the efficiency, stability, and streaking 
characteristics of sundry foamed and nonfoamed coolants at 300 psia in 
the subsonic, sonic, and supersonic flow regimes of a typical rocket 
engines. The major parameters to be investigated were: type of liquid, 
type of foaming agents, foam expansion, flow rate, and injection velocity. 

To accomplish the overall objectives the program was divided into 
three tasks: 

Task I Design and fabrication of rocket engine components, 
foam generator, and foam injector 
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Task 11 Cold flow testing and preliminary foam evaluation 
tests at high pressure 

Task 111 Heat transfer tests for two chamber (L/D) variations, 
two injectors 

One injector would be a TRW coaxial injector, and the second would 
be a NASA supplied injector. 
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2. BACKGROUND SUMMARY ON FOAMS AND 
LIQUID FILM COOLING 

The following discussion is presented to provide descriptive 
terminology and background data on liquid foams as they pertain to 
liquid rocket engine cooling. 

2 .1  FOAM TECHNOLOGY STATE O F  THE ART AND DISCUSSION 

Foams have been defined in many colorful ways such as: I t . .  . 
honeycombed structure of gas in liquid, 
a liquid, I' or more scientifically a s  "agglomeratioiis of gas  bubbles 
separated from each other by thin liquid films. 

' I . .  . millions of bubbles within 

The scientific aspects of foam have been studied for  many years 

However, the engineering state of the a r t  of foams is  not well 
and a r e  set  forth in several books and review articles (References 1, 2, 
and 3).  
advanced as evidenced by the fact that only a meager number of treatises 
dealing with foam'fluid flow, heat, and mass transfer (References 4 to 9) 
are found in  the Engineering Index under the headings of foams, fire fighting 
ing, and rocket cooling. 
neering aspects of fire-fighting foams can be found (References10 through 19). 
Hence, it is readily apparent that fire fighting foams a r e  the predominant 
application area. A check of the Thomas Registry un-ter foam generators 
and fire extinguisher charges and recharges confirmed this first finding as  
five local foam fire equipment distributors were listed. Review meetings 
were held with several of these representatives to ascertain the hardware 
state of the art and to help formulate a technical approach. It was con- 
cluded that the easiest approach to evaluating foam film cooling would be 
to utilize as much foam fire fighting technology and equipment as practical 
and to concentrate on using fire fighting foam (water and foaming agent and 
air) rather than pursuing the detailed development of propellant foaming 
technology. 
were selected for the amine fuels. 

Many more articles relating to the practical engi- 

From this survey promising commmercial foaming agents 

2.1.1 Foaming Parameters  

The most important foaming parameters are listed below: 

0 

0 

0 

0 

0 

Type of applicable foaming agent : protein, detergent, 
and polymer 

Concentration of foaming agent 

Expansion ratio of foam (V t VL)/VL g 

Ultimate shear stress 

Gas constituent 
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During the past 20 t O  30 years foam agent technology has made 
great strides. The predominant type of foaming agent that has evolved 
as the best is a protein hydrolysate made from, for example, hoof and 
corn meal, soybeans, animal blood, o r  fish meal (Reference 17). The 
finished product, which contains additives such as a bactericide to fore- 
stall putrefication, freezing point depressants for temperature a s  low a s  
-40°F, or metal salts to increase bubble strength, becomes a concen- 
trated liquid to be added to  water at a rate of 3 or  6 percent. An excellent 
review of storage life and utility of protein type foaming agents under 
various environments is  given in  Reference 17. Most agents meet certain 
mi l i t a ry  specifications and in one instance liquids were in good condition 
after 15 years o r  more. 

In the past several years many new types of foaming agents have 
been developed and marketed. National Foam System, Inc. (References 
18 and 191, perfected a foamed polymeric film produced by agitating 
with air a solution of water and a linear low molecular weight polymer 
which is further reacted by a catalyst in the presence of a i r .  
was specifically developed to combat alcohol and amine type fires. 
protective inert  polymeric film is resistant to solvent attack to which the 
protein films are not. 
containers - a 20 percent concentrate and a 3 percent catalyst. The poly- 
meric foam m a y  be stored a s  a pre-mixed solution, which has the appear- 
ance and properties of a liquid gel. 

The foam 
The 

The foaming agent is marketed in two separate 

Another industrially important foaming agent is a synthetic deter - 
gent type which, when added to water, is capable of lorming a truly high 
expansion foam of approximately 1000 parts of air by volume to 1 par t  of 
liquid. 
in  expansion over that for the conventional protein o r  polymeric formula. 
The synthetic detergent is added to  water to make a 1.5 percent solution. 

This repr e sent s approximately two - order s - of -magnitude increase 

The concentration of the foaming agent affects the stability and heat 
resistance of the foam i f  concentrations less  than those specified in the 
preceding paragraphs a r e  used. The basic effect of the foaming agent is 
to dramatically reduce the surface tension of the water until the optimum 
concentration is reached. A rapid variation of surface tension with sur -  
face active agent concentration is fundamental to the ability of a liquid 
to foam. 

The ratio of the volume of foam (gas plus liquid) to the volume of the 
liquid is another fundamental foam parameter and is called the "expansion - factor. 'I Expansion factor can also be expressed a s  foam density and 
primary effects of temperature and pressure of expansion factor or foam 
density can be estimated from the ideal gas law. Laboratory studies 
(References 4, 8, 14, and 16) show that physical properties'such a s  
thermal conductivity, viscosity, and drainage (stability), vary widely 
with expansion factor as is discussed later. 

The size of the gas bubble for a given expansion ratio governs the 
foam's ultimate shear stress which is a measure of foam resistance to 
flow under no-flaw conditions. This is contrasted to liquid which typically 
exhibits no ultimate shear s t ress .  French (Reference 11) observed the 
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heat resistance of the foam to increase markedly with increased ultimate 
shear s t ress .  
resistance index for constant values of shear s t ress  appeared to be con- 
stant a t  approximately 16. It is not known how bubble size affects vis- 
cosity o r  other physical properties of the foam, but one can conjecture 
that the effect will be substantial. 

The optimum expansion ratio as measured by the heat 

The type of gas constituent is not treated in any great detail in the 
literature, probably because it is a secondary parameter. 

2.1.2 Unique Properties of Foams 

There a r e  many properties of foams which may make them unique 
Firs t ,  an example of the thermal conductivity of foam as film coolants. 

a s  a function of expansion ratio is given in  Table 1 (Reference 4). 
ously, thermal conductivity of the foam is almost a function of the sum 
of the respective volume fractions of air and water. 
bubble size effect on thermal conductivity was not investigated. 

Obvi- 

Apparently, the 

Table 1. Thermal Conductivity of a Typical Foam as a Function 
of Expansion Ratio (Nominal Temperature 800F) 

Btu/hr O F  f t  
rtr 

Expan s ion Ratio 'I. Exp Theor 

0 (water) 0.350 --- 
7.5 0.120 0. 105 

11.0 0.113 0.094 

19.0 0.080 0.046 

a(air) 0.0156 - - -  

The effect of pressure (in other words, expansion ratio or foam 
density) on viscosity is shown in Figure 1 as taken from Reference 8. 
At an expansion ratio of approximately 6, the viscosity of the foam is 
approximately 24 times greater than that for water. Grove studied only 
one foaming agent type and one concentration level. He did not report 
varying the bubble size (ultimate shear s t ress )  which may be a primary 
variable. 
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The experimental data of French 
(Reference I f ) ,  a measure of the radia- 
tion heat resistance of foam, was cor- 
related by Thomas (Reference 12), as 
shown in  Figure 2.  In this dimension- 
l e s s  plot, the relative heat resistance 
of foam to water - as measured by the 
/ratio of the time for a fixed radiated 
/heat flux to destruct a given quantity 
,of foam to that calculated to vaporize 
:an equivalent quantity of water - is 
iplotted against a multiple of the expan- 
lsion factor and critical shearing 
'strength. The ratio h is defined by 

FOAM DENSlTY-LBvfr' 

Figure 1. Effect of Pressure  
on Foam Viscosity 

where 

0 = Measured destruction time for  the foam 

Exp = Expansion of the foam (ratio, by volume, of foam to liquid) 

F' = Applied radiation flux 

d = Depth of foam in the sample 

p = Density of water 

Hs = Total heat (enthalpy) per unit mass  of steam at 100 degrees 
and atmospheric pressure 

I I 
0 5 1.50 - 

z 0 

I e 

L c < 
A X 

i5 

I I \ 0.75 -o 
0 IO 2 0  SO 

EXPANSION X CRITICAL SHEARING STRENGTH 

Expansionx critical shearing m - w  %loJ 

Relative heat-m&tance = h = 

Expansion 
dyne cm.-* 0 5.7 

I BExpF' x 7.2 ,., 
. + 9.0 dPHs I 

ErpBnsian 
0 13.5 
0 19.0 

Figure 2. Heat Resistance of F o a m  of Different 
Shearing Strengths and Expansions 
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The increase in heat resistance can be interpreted as an improvement in 
reflectivity of the foam. 
abscissa values was interpreted to be caused by the reduced drainage 
resistance of the foam. 

The decrease in the heat resistance at  low 

The metastable nature of foams is illustrated in Figure 3 in the form 
of a plot of time versus percent liquid drained for several types of foams. 
Most f i re  fighting foams exhibit drainage behavior as-good-as or  better- 
than that shown by curve 1. 
almost infinite drainage time for their polymeric foams. However, the 
foam film will have a short resident time in any rocket engine application 
and thus drainage behavior may be insignificant. 

National Foam System, Inc., reports an 

TIME, MIN. 

LIQUID DRAINED, o/o 

Figure 3.  Drainage Behavior of Foams a t  27 *2OC (Foams 
Generated from 3 percent Soln a t  40 lb/sq in 
Pressure;  Foam Density 0. I g/ml Air-Foam I; 
Air-Foam 11, Pyrene 11) 
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Another beneficial and unique property of a foam is its ability - to 

The reduced external surface tension allows 
The external surface tension is  

cling and spread while retaining excellent thermal resistance. 
ability of a foam to spread and cling is primarily because of its reduced 
external surface tension. 
quick sealing of breaks (Reference I). 
not to be confused with the internal surface tension which is reported to 
vary i f  the foam is stretched (Reference 2). A better interpretation of 
the latter m a y  be to s a y  that foam typically exhibits a tensile strength. 

The 

Another unique property of foam which is easy to overlook is i ts  - -  
reduced density. 
cling to surface and allows for a much larger surface coverage per 

The liihtne-ss of the foam also adds to its ability to 

given quantity. 

2.2 METHODS O F  PRODUCING FOAMS 

Methods of producing foams may be classified a s  chemical o r  
mechanical. 
solutions - one containing a foaming agent - to form a car r ie r  gas, 
which fills each tiny bubble. 
replaced. almost completely by simpler and cheaper mechanical methods 
of making foam. 
accomplished by aspiration or pumping, as described in Reference 19. 
F r y  and French, Reference 14, describe a simple laboratory mechanical 
foam generation method which permits easy variation of foam parameters. 
In this method, a liquid and foaming agent a r e  premixed and stored in a 
suitable pressure vessel. Compressed a i r  serves cts a pressurizing gas;  
flow rates were indicated by rotometers and metered by needle valves 
and impinged in a tee arranger,  the outlet being connected to a union con- 
taining a ser ies  of screen. The size and number of screens could be 
varied to obtain any desired bubble size and, hence, ultimate shear s t ress .  
The bubble size was also shown to vary with liquid flow rate and ratio of 
a i r  flow to liquid flow through the screen improver. 
to  also be satisfactory by a later investigator (Reference 16). 

Foams may be produced by the chemical reaction of two 

Chemical foam making techniques have been 

Gas-liquid proportioning/mixing/agitating may be 

This method was found 

2 . 3  BASIC FILM COOLING RESULTS 

There a r e  a large number of well conducted liquid film cooling 
In studies, both in the laboratory and in rocket engine experiements. 

general, these results show that the actual mechanical efficiency of the 
coolant is  limited to 30 - 40 percent for a single injection point with the 
best of injection geometry designs. 
were conducted for a variety of geometries to verify this upper limit. 
Figure 4, taken from Reference 21 shows results for a laboratory investi- 
gation of water injection in high speed air .  
the Reynolds number is approximately that of a rocket engine, and it is 
seen that the apparent mechanical effectiveness is  35 to 40 percent. 
cause of this reduced effectiveness has been determined to be that of un- 
stable wave cresting and stripping by gas induced shear forces, as 
illustrated in Figure 5. 

In Reference 20 quite detailed studies 

At the upper end of the curve 

The 

An examination of fundamental interaction forces 
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-1 

I 

(a) Smooth-surface tubes of 2- and 4-inch diameter. Air temperatures, 800" to 2000°F; air-mass I 
velocities, 39.4 to 81.7 pounds per second per square foot. 

Figure  4. Correlation of Heat Transfer F rom Air Stream 
to W a t e r  Film at Constant Coolant Flow per 
Circumferential Design 
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indicates that to stabilize the liquid system its viscosity must be increased. 
In addition the effective bulk surface tension must be elevated to promote 
resistance to wave stripping, Figure 6. 
the s e qualitie s . 

hardware design and approach to the feasibility demonstration program. 

Foamed liquids appear to possess 

With the above discussion in mind the next sections describes the 

6As VELOCITY, 

Ideal Case 

Gas V e l o c i t y c  

A c t u a l  Case 
Wave S t r i p p i n g  . 

$#(XI dx = j,,, Of A H  

qn-0.30 - 0.40 Independent of Injection Scheme 

Figure 5. Liquid Film Cooling Model 

RESISTANCE TO SHEAR 

SHEAR - P * :. Increase  f i  
dv 

RESISTANCE TO STRIPPING 

RESISTANCE - -$ :, Increase  Q 

-------- 
f /  / / / / / I / / / /  

THERMAL RESISTANCE AND THERMAL STABILITY 

WELL BEHAVED FLOW 

RESPONSE 

Q -A$ :.Decrease h 

e x p [ - c 4 t ]  - r$d :. ESTABLISH T A T  ABOUT 10 TIMES ENGINE T 

Figure 6. Film Stabilization Requirements 
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3. HARDWARE 

3.1 PRELLMINARY EXPERIMENTAL DESIGN ANALYSIS 

In order to properly design the scaled experimental hardware and 
provide a basis for  component de sign, specification of instrumentation, 
and understanding of the results of the feasibility study, a preliminary 
analysis of scaling between the TRW 100 lbf in-house tests and the feasi- 
bility studies was undertaken. 
available heat transfer data from the Ai r  Force program, Contract 
FO 46 11-68-C-0054, fromwhichthe basic tes t  engine configuration was 
developed. 

This scaling was based on the use of 

3.2 HARDWARE DESIGN AND DESCRIPTION 

3.2.1 Heat Transfer 

The heat transfer calculations were made to investigate the expected 
relevant differences in foam film cooling between the 1 0 0  and the 3000 lbf 
engines. 
built fo r  the Air Force program. 
for  the two chambers is shown in Figure 7. 
tion, based on the Bartz short form technique. 
data from the Ai r  Force program confirm the theoretical predicted heat 
fluxes a s  chamber heat fluxes were observed to be constant at approxi- 
mately 2.5 to  2. 0 Btu/inz-sec, while the maximum throat heat flux ranged 
t o  approximately 7 Btu/in2- sec. Chamber recovery temperature was esti-  
mated at 3000 * Z O O O F .  Table 3 gives a summary comparison of results of 
heat transfer areas. When the results of Table 3 and Figure 7 a r e  consid- 
ered relative to each other, order of magnitude differences in total heat 
load a r e  noted. 
engine could be expected to be a severe tes t  of the efficiency, stability, and 
antistreaking resistance of the foam film. 
determine approximate required foam flow rates  for the feasibility demon- 
stration program, a s  well a s  other pertinent foam design data. 

Table 2 gives the nominal engine conditions for  the thrust chamber 
The relative difference in local heat flux 

Curve A represents a predic- 
Experimental heat transfer 

It is obvious that the planned tes ts  in a 3000 lbf, 300 psia 

These heat fluxes were used to 

3 . 2 . 2  Liquid Foam Stability 

One of the main purposes of this program was to experimentally 
determine the susceptibility of foam to stripping and bubble collapse (foam 
stability). Those major factors which affect foam stability include: 

0 Rate of heat transfer 

a Film thickne ss 

0 Foam properties 

Order-of-magnitude increases in the total rate of heat transfer a r e  indi- 
cated from the-above comparisons. It i s  known f rom visual experiments 
that heat will cause the temperature of the liquid and gas in the foam bubble 
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Table 2. Nominal 3000 lbf Engine Conditions 

Chamber diameter 

Chamber length 

Chamber L* 
Throat diameter 

Chamber material 

Chamber 

Throat 

Chamber pressure 

Propellants 

Mixture ratio 

Total flow 

6 0 in. 

7 . 85 in. 

40. 

2 . 7in. 
1 01 8 hr  / Lucite 

OFHC Copper/Lucite 

300 psia 

N2°4/N2H4 
0 . 9  to 1.4  - 1 0  lb/  sec 

Table 3. Comparison of Relevant Heat Transfer Parameters 

86 psia 300.0 psia 
100 1bf 300 lbf 

Engine Par t  Engine Engine 

Chamber 

Throat 

Chamber 

Throat 

Internal Length, Inches 

2.0 7 .85  15.70" 

2.45 
4.45 17.60 25.45" 

9.75 9.75 - - 

Area, In2 

12.6  148 296" 
116 

22.4 264 
- 9.8 - 116 

41 2* 
- 

* 
Two chamber lengths 
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to increase, with resulting gas expansion and liquid vaporization. Hence, 
the foam bubble will expand and eventually rupture, since foaming agents 
a re  capable of supporting some fixed maximum expansion. At increased 
heating rates  it is  suspected that large bubble foams will be l e s s  stable 
than small bubble foams; therefore, in generating foams for high heat flux 
applications the foams must be tailored to small bubble sizes. 

Another factor of importance is the expected foam blanket thickness. 
What effect this will have on foam stability is unknown, although it is  known 
that liquid cooling efficiencies decrease with film thickness for liquid film 
cooling. An estimate of the relative change in foam film thickness for the 
100 lbf engine versus the 3000 lbf engine can be made as  follows: 

. 
wcl p i  "1 
W c2 P Z A Z V 2  
7 =  

i f  v 1  = v 2  and p1 = p2  

Dl .c;r c2 x2 = xi D2 
C1 

- 67 xi, GC2/6  a re  eqaluated from 
" integrated heat loads. 

2 1.4 
T .35 (.02) - 

Thus, it can be seen that i f  other things a r e  equal, the foam film thickness 
will increase more than an order of magnitude. 

It is surmised that beneficial cooling properties (enhanced stabilities) 
a r e  derived from the myriad properties of foams which a re  vastly different 
than the parent liquid. Little theoretical o r  experimental evidence appears 
in the literature on how such foam properties a s  thermal conductivity, 
viscosity, surface tension, and ultimate shear s t r e s s  vary with pressure, 
temperature, bubble size, o r  density. It is  suspected that these properties 
do not vary significantly with pressure with properly generated foams and 
thus one can expect no large change in foam stability with pressure o r  
temperature. 

3- 2. 3 Streaking 

Streaking is the undesirable phenomenon which results when the 
protective film separates and exposes part  of the engine to the hot gas  
stream. 
to other par ts  of the engine. 
ence streaking are: 

Then, unfortunately, localized hot spots can bootstrap themselves 
Among the factors which a r e  known to influ- 

0 

o Film thickness 

Length of distance to be traveled 
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0 Coolant injector distribution ch.aracteristics 

0 Combustion/injector characteristics 

Coolant properties 

Table 3 gives the relevant changes in flow path length and heat trans- 
fer a r ea  for the 100  and 3000 lbf hardware. 
observed in the previously conducted TRW in-house small engine tests,  
but as is readily apparent, the proposed tes ts  could severely tes t  the anti- 
streaking capabilities of the foam. 

No coolant streaking was 

To gain some insight into film thickness a s  a function of expansion 
ratio, flow rate, and film velocity, Table 4 was prepared to aid in design. 
The film thickness for a liquid is extremely small and undoubtably forms 
the basis for streaking. 
liquid can serve to overcome this problem. 

It is surmised that the addition of a gas to  the 
The continuity equation 

& = p A V  
C 

was used to make these calculations. 

Table 4. Parametric Study of Foam Film Thickness 
at  300 psia, for  a 3000 lbf Engine 

= 10% of total propellant flow coolant W 

Velocity, f t /  sec 
Expansion 

Ratio 1 0  20 5 0  100 
inches 

1 (Liquid) 0.0123 0.00615 0.00246 0.00123 
5 0.056 0.0279 0.0112 0.00559 
10 0.101 0.0504 0.0201 0.0401 

0.056 0.0280 
100 0.360 0.180 0.072 0.0359 
50 0.280 0.140 

Coolant injector gaps have a marked effect on the distribution and 
hence streaking resistance of the coolant. 
injector continuous annulus for unfoamed liquid will be extremely small. 
Because of the difficulty in maintaining precise tolerances in severe envi- 
ronments, it is  concluded that liquid coolants a r e  difficult to inject evenly. 
Experience has  led to  discrete holes and various spreading design geome- 
t r ies .  The results in  Table 4 show that for  any expansion ratio of interest, 
continuous annular gaps of quite reasonable dimensions can be expected 
with foam injection. 
be minimized. 

Table 4 shows that the typical 

As such streaking due to injection geometry should 
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It is known that foams have properties which make them streaking 
resistant when compared to nonfoamed coolants. 
of reduced surface tension which leads to improved adhesion, greatly 
increased internal cohesion (tensile strength) which leads to tear res i s -  
tance, and increased fluidity which means the ability to flow and seal up 
tears in the coolant film. In order to fully realize these properties it is 
necessary to  consider other possible adverse effects. 

These properties consist 

A s  a practical design matter it is also necessary to match combus- 
tion chamber/injector interactions to the film coolant injection point, since 
adverse interactions at the point of injection can result in greatly dimin- 
ished film cooling efficiency. In addition practical experience with rocket 
engine film and transpiration cooling has shown that combustion and asso- 
ciated injector characteristics can adversely affect film coverage by 
streaky combustion, wall zone turbulence, and overall combustion noise. 

3.2.4 Component Design 

Design and analysis f o r  the main injector, chamber throat, and 
instrum.entation were considerably reduced in scope because of prior 
effort on the Air Force program. 
injector and generator design helped to expedite the design and fabrication 
of these components. 
previously known viable designs. 

The previous in-house effort on foam 

Thus this effort was reduced to one of scaling up 

3.2.4. 1 Injector Hardware 

Two injectors were utilized for  this program. These were the TRW 
coaxial flow and a NASA-supplied flat face triplet design. 
design was essentially that developed on A i r  Force contract F04611-68-C- 
0054 for N2O4/N2H4. 
not been previously tested with, N2H4. 

The coaxial 

The NASA injector had been modified for, but had 

Figure 8 shows the details of the TRW coaxial injector. Thirty-six 
primary and secondary oxidizer streams a r e  thrown radially outwards 
from the oxidizer orifice ring and impinge upon an annular sheet of fuel. 
Injector pressure drops control the angle of the resultant stream. Gen- 
erally, the fuel propellant is in excess at the chamber wall and thus pro- 
vides film cooling and a resultant low recovery temperature. 
injector it was possible to adjust the fuel and oxidizer injection 
char acte r i stic s . 

With this 

Figure 9 i s  a close-up photograph of the flat face injector supplied 
by NASA, and Table 5 summarizes its characteristicss. This particular 
injector had performed quite well with NT0/50-50 for long duration. 
major uncertainty in modification revolved around whether this injector 
could withstand the increased pressure. Hence, the injector was subse- 
quently supported by a back-up plate. 

The 
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Figure 8. Views of TRW Injector 

18 



Figure 9. NASA-Supplied Flat Face Injector 

Table 5. Description of NASA Supplied Flat  Faced Injector 

Original 

Material - AL 

Pressure - 100 psia 
Thrust - 100 lbf 
Propellants - NT0/50-50 

Injector A P  - 120 psi 
Maximum pressure - 220 psia 

Triplet 
40 fuel orifices, 21 oxidizer orifices 

- two fuel on one oxidizer 

Modified 

Fuel Diameters - 0.035 inch, oxidizer diameter 0.052 
P r e s  sure - 300 psia 
Thrust - 3K 
Propellants - NTO/NzH4 
MR - 1.2 

APf = 105 psi at 4 l b l sec  HzO 
APo = 63 psi a t  4 lb/sec HZO 
Maximum operational pressure - 400 psia 
Impingement Distance = 0.55 inch 

3.2.5 Chamber Hardware 

The chamber hardware was comprised of heat sink and acrylic, 
transparent hardware. 
maximum of flexibility. 
provide the capability of building up long L/D engine sections. 
throat was machined copper. 

The heat sink hardware was designed to provide a 
Interchangeable spool sections were de signed to 

The engine 

Figure 10 is a photograph of one of the combustion chamber segments. 
The chamber element is  7.85 inches long and has a diameter of 6.0 inches. 
There are provisions for nine surface thermocouples, three longitudinal 
rows spaced 120 degrees apart. 
t rac t  was accomplished by  joining a duplicate chamber to the f i rs t  one. 

The L/D variation called f o r  in the con- 
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Figure 10. Combustion Chamber Segment 

A photograph of the copper heat-sink throat i s  suown in  Figure 11. 

The throat was terminated at an a rea  ratio of 
Temperature measurements were made in  three longitudinal rows 

The particular row seen in  Figure 11 had an 

The throat was designed with a 30-degree convergence angle and a 15- 
degree divergence angle. 
3 5. 
spaced 120 degrees apart. 
extra four plugs; 

in acrylic engines and/or combustion segments. 
of acrylic engines and combustion chamber segments having internal dimen- 
sions corresponding to the workhorse hardware were prepared and sub- 
mitted to potential vendors. 
obtaining specially fabricated plastic billets having diameters of 8 inches 
o r  greater, techniques for  laminating plastic were considered. One local 
vendor has considerable experience in fabricating large, high-pressure 
pump housings from laminated plastic.. They have built a special machine 
to insure excellent bonding of successive flat slabs and were able to bond 
4-inch slabs of plastic perpendicular to the direction of flow to minimize 
bond s t resses ,  as shown in Figure 12. 
bonds by supporting the entire engine with longitudinal bolts. 

There was a contractual obligation to document foam film attachment 
Toward this end sketches 

Because of delays of up to 3 months in 

Strength was added to the radial 
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Figure 12 

Acrylic Engine Setup 

Figure 11 

Copper Heat Sink Throat 
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3.3 FOAM INJECTOR DESIGNS 

Because this program was a feasibility demonstration effort, the 
foams were all generated external to the engine and injected into the engine 
through a continuous gap foam feed ring. Several designs were investigated 
in the program, and they a r e  described here, along with other pertinent 
design data. 

A sketch of the initial continuous annular foam ring used in the pro- 
gram is shown in Figure 13. 
found so successful in the TRW in-house feasibility study. The design 
incorporated easily replaceable split shims so that the injector gap could 
be varied without time consuming engine disassembly. The angle of foam 
injection was 30 degrees; thus, a gap change effected by any shim addition 
or subtraction was one-half the thickness of the shim. The maximum 
shim was approximately one-fourth inch. 

It was basically patterned after the design 

A photograph of the disassembled 30-degree foam ring is shown in 
Figure 14. 
pieces could be varied by inserting shims of various thickness as shown 
in Figure 14. 
the point of foam injection was lowered 1. 5 inches, i t  was possible to pro- 
tect the foam ring with a layer of ablative material attached to the injector 
face without disturbing the main injector pattern Figure 15 and 16. 

The 30-degree annular gap which was formed by the two mating 

In the initial experiments and in  later experiments when 

Preliminary design calculations were made to determine injector 

It is 
gap settings and pressure drops as a function of film velocity and pure 
liquid or  pure gas coolant flow rate and are presented in Table 6. 
obvious that it will be difficult to evenly inject nonfoamed coolants as 
indicated earlier. 
i s  a foam of infinite expansion and thus serves as the upper boundary. 

Calculations a re  shown for a g a s  since this in  essence 

The formula used to calculate pressure drop for both gas  and liquid 
can be used as a first approximation for the pressure drop of foam flow. 
Starting with 

N APL - - 
PT 

which applies to liquid pressure drop and noting the 6~ changes little with 
the addition of gas, but the pfoam changes approximately according to 
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Figure 14. Disassembled 3 0-Degree Foam Injector 

The approximation reduces to 

= APL (EXP) Apfo am 

For  example, this approximation says that for an injector gap setting of 
0.006, 10% coolant flow, and a film coolant velocity of 20 ft/sec, the pres- 
sure drop for a foam with EXP = 5.0 will be approximately 35 psi. 
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Figure 15. Assembled Foam Injector 

Similarly the velocity of the foamed film coolant increases approxi- 
mately with expansion ratio: 

cf cL ( E X P )  

A ft /sec = - = "fa A 

Several additional design changes were made to the original foam 
injector to change the angle and velocity of foam injection. 
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Type of 
Coolant 

7, f t / sec  

1 0  

20 

5 0  

100  

Figure 16. Assembled Foam Injector with Point of 
Foam Injection Lowered 1.5 Inches 

Table 6. Coolant Injector Gap Setting and Drop 

1 0  70 coolant flow rate 
300 psia, 300 lbf engine 

Gas, e x p = =  

Gap, Area, AP, 
in. in2 psi 

0.506 9.55 0.0452 

0.253 4.77 0.181 

0.102 1.93 1.13 

0.051 0.96 4.52 

Liquid, exp = 1.0 

in. in2 psi  

0.0123 0.232 1.86 

0.00615 0.116 7.44 

0.00246 0.0464 46.5 

0.00123 0.0213 186. 

Gap, Area, AP, 
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Figure 17  is  a schematic 
diagram of the original injector with 
a deflector ring added. The purpose 
of the ring was to redirect the foam 
parallel to the wall at  an increased 
velocity (see Run 446 in results). In 
conjunction with this foam injector 
change, the point of foam injection 
was lowered several inches; hence, 
the foam injector became exposed to 
the hot gas environment. A cursory 
heat transfer analysis was made for  
the injector lip to establish approxi- 
mately equilibrium temperatures. 
Heat transfer to the wall from the 
gas was approximated by: 

Q/A = 0.85 x (3085OR - Tw) 

Figure 17. Schematic of Foam Ring 
Modification for  Run 446 And heat conduction from the outside 

of the injector l ip  to  the inside wall 
adjacent to  the foam was given by: 

x Q / A  = - AT 
X 

The equilibrium point is then calculated a s  the wall temperature which 
gives a hot g a s  heat flux that can be conducted through the injector l ip to  
the foam a s  shown in Figure 18. 
that the thin part  of the injector runs cool, it was conjectured that the 
deflector ring would run cool. Subsequent hot firings revealed a thermal 
expansion problem (Figure 19 and 20) with the ring moving outward suffi- 
ciently to  interfere with the metering of the foam flow. 
then modified according to Figure 21 and a s  described below: 

Based upon these results, which show 

The design was 

(1) 

(2) 

Reducing the angle of injection to 12 degrees 

Re-matching the original 30-degree gap to make two gaps - 
one at  30 and the other a t  1 2  degrees 

(3) 

(4) 

Adding a 1/2-inch spacer to the bottom of the injector 

Adding 1 2  support places to  prevent any mass deflection 
of the l ip of the foam ring. 

This modification to the foam ring provided the flexibility in gap setting 
a s  summarized below. 
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Shims Gap 1 Gap 2 

0 0.070 f 0 . 0 0 2  0. 116 
0. 136 0. 129 f 0 . 0 0 2  0. 125 

This configuration, used in all runs after 446, was found to operate 
quite satisfactorily; Figure 22  shows the unit disassembled. 

3 . 4  FOAM GENERATION DESIGN AND SIZING 

Preliminary design and analysis of the foam generator revolved 
around sizing, conceptual design of foaming method, response estimation, 
and techniques for handling potentially hazardous foams such a s  NzH4. 

from total heat f lux  a r e  determined by graphically integrating the area 
under Curve A, Figure 7 and the heat balance equation: 

In order to size the generator estimated foam cooling requirem.ents 

CURVE A: GAS HEAT TRANSFER TO WALL 
q/A = h (TR - TW) 

= 0.85 (3085 - TW) 

CURVE 8: HEAT CONDUCTION THROUGH INJECTOR LIP 
q/A = % (TW - T FOAM) 

10 = (Tw-530) 

U 

3 c 

0 
0 1 2 

Figure 18. Surface Temperature 
of Unprotected Foam 
Ring Lip 

erU/lN2 - SEC 
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Figure 19. Foam Ring with Deflector Modification 
After Firng (Bottom View) 

2 9  



Figure 20. Foam Ring with Deflector Modification 
After Firing (Top View) 
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APPROXIMATE SCALE 5: 1 

\ 1/2 IN. ADAPTER PLATE 

.002 - .om 
SLIP FIT 

'12 PLACES 

/.a0 

*.020 

c 

Figure 21 

Sketch of Foam Ring 
Modification for Runs 

After 446 

Figure 22. Disassembled Foam Ring Used 
on all Runs After 446 
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where 

'1= 

foam coolant flow rate 

foam coolant heat capacity 

cooling efficiency 

heat load at  the coolant saturation 
temperature 

If  the following assum.ptions a r e  made, 

(I) The wall of the engine is maintained at the saturation 
temperature 

(2)  The coolant efficiency i s  100 percent 

and the sensible heat of superheating the coolant vapor is ignored and the 
local heat adjusted to the saturation temperature of the coolant, the 
maximum percent coolant f o r  the 3000 lbf engine can be estimated to be: 

= 9.870 - - 1139 Btu/sec 
water (394  - 38. 61) t 809.2  = 1165 W 

Similar calculations for  the subsonic chamber give the coolant percent 
flow ranges of 3 to 5 percent. 
mised that a foam generator should be built for coolant flow rates ranging 
from 3 to 30 percent of the main propellant flow. 

Based upon these calculations it was sur -  

Experience gained in constructing and testing foam generators in 
the initial TRW feasibility study and in other in-house studies led to the 
selection of the conceptual design shown in Figure 23. Use of cavitating 
venturies for flow control and measurement in conjunction with separate 
pressurization circuits for the foaming liquid and foaming gas allowed 
for absolute and relative gas/liquid flow rate control ranges from 0. 1 to 
3. 0 lb/sec,  and expansion ratios of 1 to 30. 
of this system was that foam could be prepared over a wide range of p re s -  
sure without disturbing flow rates,  and would, thus, tend to be independent 
from the effect of engine pressure perturbations. 

Another desirable feature 

The function of the packed bed was to provide an improver or  mixer 
The purpose of the by- for the gas and liquid to insure high quality foam. 

pass system was to allow for simulation of flow through the engine under 
nominal back-pressure conditions to check venturi and bed pressure drops 
prior to engine startup. 
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Loaded Regulators 

Check Valves 

To Injector 

Figure 23. Foam Generator Schematic for all Runs 
to  and Including 3 3  1 

Figure 24 shows an improved conceptual design of t he original 
foam generator. 
and the location of shutoff valves changed to improve generator response 
characteristic and fo facilitate the handling of potentially hazardous foam. 
such as  NzH4. 
a function of flow rate and expansion, and i s  helpful in estim.ating the foam 
generator's response once the dead volume is known. 
response of the  foam generator must be faster than the engine's response 
otherwise hardware damage may result if combustion gas  flows into the 
foam generator. 
opening and closing sequences and the use of a purge shutdown a s  would 
be required when hazardous foams were being handled. 

In this design the bypass system has been eliminated 

Table 7 gives liquid and foam volumetric flow rates as  

In all cases the 

The arrangement of valves allowed for  flexibility in valve 

Table 7. Foam Generator Response 

E X P  - 
+, (in 3 /set) +L 

10.0 - (lb/ sec) I. 0 (liquid) 5.0 

0. 5 33 .9  69. 5 139 

1 .2  33. 3 166.0 333 

3. 0 83. i 4 1 5 . 0  831 
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N2 SUPPLY N2 SUPPLY 

REMOTE LOADED DOME REGULATOR 

CHECK VALVE 

N JECTOR 

Figure 24. Schematic of Close -Coupled Foam Generator 
Used for Runs 447 Until Completion of Tests 

The close-coupled version of the foam generator is  shown in 
Figure  25, and a close-up of the packed beds is shown in Figure 26. 

3 . 5  TEST STAND SETUP 

Numerous engine configurations and instrumentation schematics 
were employed throughout the program and a r e  summ.arized in  Figures 27 
through 32. 

The initial series of testing Rums 417 to 431 was conducted with the 
The point of foam injection near the head end of the single L / D  chamber. 

overhead, bypass foam generator was employed in these tests a s  shown 
in  Figures 27 and 28. 

The second generation of testing started with Run 446, Figure 29, 
with the point of foam injection lowered by a 4.85 inch spacer and termi-  
nated with Test 459. 
coupled foam generator, Figure 30. 

The second generation of testing employed the close- 

The flat face injector was checked out in an acrylic engine a s  shown 
in Figure 31. This represented the s tar t  of the third generation of testing. 
As shown in  Figure 32, the heat sink engine setups were identical to those 
of the second generation of testing since the only change was the substitution 
of UDMH for N2H4 fuel. 
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Figure 25. Close-up of Packed Beds 

Figure 26.  Close-Coupled F o a m  Generator 
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Figure 27. Thruster and Foam Generator Test Stand Setup 
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Figure 28. Acrylic Engine Setup for  Test 
of TRW Injector 
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Figure 29. Heat Sink Hardware Setup for Runs 446 through 459 and 
Runs 469 through 471 
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Figure 30.  Photograph of Close -Coupled Foam Generator 
Used for all Runs After 431 
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OXIDIZER 

SUPPORT AND 
BACK-UP PLATE 

FOAM INJECTOR 
AND ADAPTER 

ACRYLIC 
ENGINE 

-3  IN.- 

- 61 0- 

/ 

N. 

N. 

- 

7.&d IN. 

4.4 IN. 

I 

Figure 31. Schematic of Acrylic Engine Setup 
with Flat-Face Injector, Run 460 
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Figure 32. Heat ‘Sink Hardware Setup 
for  Runs 461 Through 468 
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The propellant flow schemes were developed in the Air Force 
Program and utilized independently pressurized propellant tanks, cavita- 
ting venturis, and redundant turbine meters  for flow measurements. 

Instrumentation 

Preliminary analysis of the thermal instrumentation and means of 
data reduction were made of the methods employed in  the Air Force 
program (Contract C -0054) to insure satisfactory documentation of cool- 
ant performance. 
documentation of length of chamber cooled, radial temperature variations 
(susceptability of coolant to streaking), and heat load on the engine at  the 
coolant sat ur atin t empe r ature . 

Important aspects of this study were considered to be 

In the Air Force program a combination steel chamber-copper 
throat arrangement was selected on the basis that both chambzr and 
throat would have nearly identical thermal responses to 1000 to 1500°F 
ranging from 4 to 7 seconds. Fast responding, chromel-alumel surface 
thermocouples made by the Nanmac Corporation of Indian Head, Maryland, 
were used to measure the inner wall temperature of the chamber, as a 
function of time. Throat temperature -time traces were documented by 
the conventional copper plug technique. Temperature m.easurements were 
made in three longitudal rows spaced 120 degrees apart. 

The Nanmac surface thermocouple and copper plug give typical 
A s  would be expected the temperature-time t races  as sketched below. 

1 2 3 
TIME - SEC 

SURFACE TEMPERATURE, O F  

response of the surface thermocouples is  very 
fast and eventually approaches the gas recovery 
temperature. The response of the copper plugs 
is, of course, much slower but is a function of 
plug thickness . 

A method for the dktermination of local heat 
flux from transient temperature measurements of 
surface thermocouples, discussed in Reference 22, 
forms the bases of an in-house computer program 
used to reduce these data. 
the form sketched below. Useful heat flux data 
a r e  not obtained until after the engine startup 
transient (usually 0. 5 sec o r  600° to 800°F into 
the run) is passed. 
the heat transfer study is the heat f l u x  a t  the 
coolant saturation temperature, -375OF. To 
arr ive at this it is necessary to back-extrapolate 
the data to 375OF according to the formula: 

The data output takes 

The most meaningful data for 

which is in the form of the classical equation of 
a straight line: 

y = = t b  
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where 
m = -h 

b = hTr 

Unfortunately, some uncertainty is introduced into the extrapolation if  the 
data do not form a straight line. 
cording to 

Throat heat fluxes were compiled ac-  

from response data near the beginning of the run to minimize corrections 
due to the conductivity. 
with their convection factors is given in  Reference 23. ) A sketch of the 
dimensions of the copper plug and externally contoured throat is given 
below. 

(A complete discussion on the use of copper plugs 

A comparison of these two methods 
of m.easuring no coolant heat flux 
data leads to the conclusion that the 
copper plug technique probably gives 
the best estimate of heat fluxes at 
the coolant s atu 1: ati on temperature. 
However, i t  is evident that fast, 
precise measurement of localized 
wall temperatures during runs with 
coolant is best accomplished by the 
Nanmac thermocouples since the 
copper plugs have an approximate 
order -of-magnitude slower response. 

The high thermal conductivity of copper also makes localized variation 
hard to detect. Thus, a difficult tradeoff exists for the selection of engine 
material  and measurement techniques because of type of data desired and 
coolant flow rate. 

A steel chamber with a copper throat was selected for the investi- 
gation, Nanmac thermocouples were spaced -2 1 /2 -inches longitudinally 
and 120 degrees radially. 
one row of seven copper plugs were selected for  the throat. 
were planned for runs at high coolant flow rates  to give the copper plug 
temperature sufficient time to stabilize. 

Similarily, two rows of three copper plugs and 
Long durations 

The instrumentation locations used in this program for the engine 
configuration used in  the actual tes t  effort a r e  shown in Figures 3 3  
through 35. 
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Figure 33. Instrumentation Schematic for Runs 417 through 430 

FOAM 
RING I "  ADAPTER 

PLATE FOR AND 
FLAT FACE IN J 

ADAPTER FIRST CHAMBER SECOND CHAMBER 

-- 

Figure 34. Instrumentation Schematic for Runs 447 through47 I, 
Excluding Run 460 
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Figure 35. Insturmentation Schematic for Run 446 
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4. RESULTS O F  COLD FLOW TESTING 

The objectives of the cold flow tasks were: 

(1) To extend the pressure evaluation of foams to at least 
300 psia 

(2) To investigate the foam flow pattern of the injector 

(3) Construct and test  the high pressure foam generator prior 
to hot firing. 

4 . 1  PRESSURE EVALUATION OF FOAMS 

In these evaluations cold flow studies were carr ied out in glass 
hardware to investigate the resistance to shear stripping, potential 
bubble collapse, and overall stability of the foam under dynamic flow 
conditions. 

Foam film attachment studies were conducted in a 1/2-inch OD, 
3 / 8- inch ID glass venturi having dimens ions simulating a typical engine 
setup (15-inch chamber, 5-inch converging section, and 5-inch diverging 
section) shown in Figure 36. Foam was injected onto the far side of the 
glass venturi through a tiny slot in a masking tape gasket surrounding 
the straightening tube admitting the high pressure core gas flow. 

The chamber was design d so  that the Reynolds number varied 
linearly from 1 x 106 to 5 x 10 8 through the pressure range from 100 to 
500 psia. 
throat increases with contraction section diameter and reaches a 
maximum at the throat approximately 3. 2 times greater than in the 
chamber. ) 

(The Reynold's number through the contraction section of the 

A parametric study involving pressure level, foam flow rate,  
foaming agent, expansion, and ultimate shear s t ress  was made for the 
three types of water fire-fighting foams, water,  and aerated water. In 
general there appeared to be no large qualitative differences between the 
three types of foam as the pressure was varied from 30 to 300 psia, 
although there appeared to be an increase in the ability of the foam to 
persist  through the converging and diverging section. The most positive 
result f rom these tests appeared to be that foam will persist  tenaciously 
and evenly for flow paths up to at least  20 inches , Figures 36 and 37. 
In addition, the unequivocal existence of foam at pressures of at least 
300 psia was confirmed. 

An effort was made to check foam stability at increasing film 
thickness by increasing the foam flow rate to the cell. 
shearing action of the high speed gas caused the foam to spread quickly 
over the entire 360- degree circumference, and, thus , precluded visual 
observation, Figure 36. It did appear, though, that the film thickness 
remained fairly constant, regardless of foam flow rate. This can be 
interpreted to mean that film velocity increases with foam flow rate, 
Visual observations appear to confirm this point. 

However, the 
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Figure 36.  Foam Film Attachm.ent at 100 psig 
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Figure 37. Foam Film Attachment in the Sonic, Transonic 
and Supersonic Flow Regimes a t  100 psig 
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The foam film attachment studies were extended to a solution of 
hydrazine containing 5% polymeric foaming agent. The testing was done 
remotely, primarily to avoid the atomized hydrazine fumes and nitrogen 
gas issuing from the venturi exit (see Figure 38). In general there 
appeared to be no qualitative difference between the hydrazine and water 
foam, confirming previous TRW studies. The results were documented 
by motion pictures. 

4.2 COLD FLOW FROM INJECTOR TESTS 

Cold flow tests of the method of injecting foam were conducted to 
prove and optimize the concept and to find optimum gap settings. 

Cold flow testing of the foam injector at 300 psia was simulated by 
In this equivalent atmospheric foam as shown in Figures 39 through 41. 

particular ser ies  of tests the film coolant thickness was maintained at 
0. 052-inch while the expansion was varied from 1. 0 (liquid) to 10. 0. 
open places in the foam blanket were found to be caused by some metal 
clips lodged near the gap outlet. 
seemed to be formed at  injection velocities ranging from 5 to 10 ft/sec. 
The injector gave similar results at 0.3 lb/sec when the gap was corres-  
pondingly reduced. 
demonstrated. 

The 

The most even tubular foam blanket 

The generally tenacious quality of the foam was again 

During these tests,  the injector pressure drop was also charac- 
terized as a function of gap setting and expansion ratio. 
a typical test  a r e  summarized in Table 8 and show that to a f i rs t  
approximation, the conventional A P  formula i s  followed: 

The results of 

4.3 HIGH PRESSURE FOAM GENERATOR 

Construction and testing of the high pressure foam generator 
revolved around selection of percent coolant ranges, allocation of 
pressure drop, experimental sizing of packed bed improvers, and 
calibration of venturis. 

Table 9 l ists  the coolant foam generators sizes which were 
selected for construction. 
from 2 to 30 percent of the total propellant flow in the actual engine 
tests. 

Thus the percent coolant flow could be varied 

Pressure  allocation cri teria were that a "stiff" system would be 
best from the point of view of minimizing engine perturbations. 
Therefore, the venturis were sized for a minimum upstream pressure 
of 600 psia. Experimental testing showed that venturi flow rates were 
independent of back s t ream pressure up to 80 percent of the upstream 
pressure. Therefore the packed bed improvers were sized for a pressure 
drop of 50 to 150 psia (sufficient pressure drop to provide a good quality 
foam) and a maximum A P  of 50 psi was allowed for the foam injector. 
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Figure 3 8. Hydrazine Foam Film Attachment Studies 
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Figure 39. Cold Flow Testing of Foam Injector 
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Figure 40. Cold Flow Testing of Foam Injector 
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Figure 41. Cold Flow Testing of Foam Injector 
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Table 8. Foam Injector Pressure  Drop Characterization 

Injector Gap = 0.012 inches (0.024 shims) 

Liquid 
DL = 0,052 in 

ps ia lb/sec 

725 

725 

725 

72 5 

697 

697 

697 

0.248 

0.248 

0.248 

0.248 

0.242 

0.242 

0.242 
I 

Coolant 
lb fsec  

0.23 to 0. 37 

0. 52 to 0. 74 

1.2 to 1.66 

2. 15 to 3. 0 

Gas 
D = 0.028 in 

g 

Pog 
ps ia 

14.7 (off) 

100 

195 

595 

Injector Gap 

= 0.003 

14. 7 (off) 

81  

188 

E X P  

1. 0 

5. 5 

9.7 

28. 0 

1.0 

5. 0 

9.6 

v INJ 
f t /  sec 

2.5 

14. 0 

24. 0 

70. 0 

9.9 

49.0 

94.0 

Table 9. Coolant Foam Generators 

Liquid Venturi 

D, in 

0. 052 

0.076 

0. 11 

0. 152 

Po, psia 

600 - 1200 

600 -1200 

600 - 1200 

600 - 1200 

A P  I N J  
PS ig 

-0. 1 

2.9 

6.5 

14. 0 

6.0 

18. 0 

25.6 

Gas Venturi 

D, in 

0.043 

0. 052, 0. 11 

0. 11 t 0.052 

0. 1405 

0.076 

0. 11 t 0.076 

0.076 t 0.052 

Po, psia 

1000 - 2000 

1000 - 2000 

1000 - 2000 

EXP 

5 -30 

5, 10 

5, 10 
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The packed beds were sized experimentally by varying bed length, 
ball size, and bed diameter until a satisfactory pressure drop was 
obtained. The beds were built in such a manner that the end fittings 
provided anti- channeling rings (see Table 10). 

Liquid venturi flow rates were calibrated by the conventional 
catch and weight techniques as  a function of pressure and type of liquid. 
There is little difference between water, water with 3% protein agent, 
o r  water with 2370 polymer agent and all points seem to fall in a straight 
line on a w versus log P plot, Figure 43, which is to be predicted from 
the flow equation: 

It was found, however, that care  must be taken not to aerate the liquid 
foam while mixing or  reduced flow rates would result. 

Gas venturis were calibrated against standard rotometers, 
Figures 44 and 45. 

Table 10. Packed Bed Dimensions 

Flow 
Capacity Foam Depth Bed Diameter Diameter 

(lb/sec) Ball Size (in. ) (in. ) (in. ) 

2.5 0. 170 71 8 1. 76 0. 825 

1.2 118 1.0 1. 140 0.605 

0.5 118 718 0.675 0.39 

0 . 3  118 111 16 0 .55  0.376 
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Figure 42. Cold Flow Testing of Foam Injector 
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Figure 43. Liquid Calibration Curves for 
Venturis 
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5. HEAT T RANS FE R TESTS AND RESULTS 

The original program planning called for conducting 30 tests with 
NzOq/NzHq main engine propellants at a nominal chamber pressure of 
300 psia. The three foaming agents, protein, Aer-0-Foam 100, and 
aerated water, in water and N2H4, were to be evaluated at various per- 
centages of agent and foam expansion ratio. The overall thermal effec- 
tiveness of the foam, for single points of injection, was to be determined 
along with obtaining data on the expected distance a foam could be pushed 
in a chamber without streaking. 

5.1 ENGINE TEST SUMMARY 

A total of 41 tests were conducted. Engine, coolant, and perform- 
ance data for the 41 heat transfer runs a re  summarized in Table 11. 

Three tests - 417, 418, and 419 - were made to check out the main 
injector with a blank ring inserted for the foam injector to establish 
no-coolant heat transfer data at  a nominal pressure of 300 psia and at  
conditions of 10% higher and lower than nominal. 
of a related Air Force program, a nominal MR of 1.2 was selected as  
the optimum for these tests. The results of the checkout runs were 
encouraging since high performance was achieved with no hardware 
damage. 

Based on the results 

The successful checkout runs were followed by a ser ies  of runs 
(420 to 423) in which the coolant flow rate (H20)  was increased from 
1. 2 to 2. 5 lb/sec in an effort to cool the entire engine to  the saturation 
temperature. 
the protein foaming agent was used. 
efficiencies comparable to those expected with straight liquid injection. 
Since the TRW injector provides cool head-end regions due to fuel film 
cooling, there was some suspicion that the low efficiencies may have been 
due to  liquid fuel lifting the foam at  the point of injection, o r  that the 
foam momentum vector, pv, was resulting in  main stream penetration by 
the foam. The point of foam injection was moved 1. 5 inches downstream 
by inserting a dummy foam ring between the main injector and the foam 
injector and the run was repeated (Run 422). No qualitative differences 
were noted. 

During these runs, the expansion ratio was set  a t  5. 0 and 
The runs indicated low cooling 

In Runs 424 through 429, the foaming agent type and expansion 
ratio was varied at a nominal 2. 5 lb/sec in an effort to see if any of 
these parameters would markedly influence cooling efficiency. 
appeared to be no qualitative improvements in cooling efficiencies. 

There 

Run 430 was made a s  a baseline run for an acrylic engine tes t  a t  
maximum foam generator flow. 

The acrylic engine test ,  Run 431, was conducted so that the a rea  
adjacent to the point of foam inject.ion could be observed for possible free 
s t ream stripping and its cause. Figure 46 shows the acrylic engine 
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Table 

Run 

41 7 
41 8 
41 9 
420 
421 
422 
423 
424 
425 
426 
427 

- 

428 
429 
430 
431 
446 
447 
448 
449 
450 
451 
452 
453 
4 54 
455 
456 
457 
458 
459 
460 
461 
462 
463 
464 
465 
466 
467 
468 
469 
470 
471 

11. Summary of Engine Performance Data for 
Foam Coolant Runs (Continued) 

Main Chamber Length Downstream o f  Fuel 
In jector  Upstream of Foam Foam In ject ion Propellant 

Type In ject ion Point Point 

F l a t  Face 2.5 
F l a t  Face 7.35 

TRW 6.35 

i 
F l a t  Face 
F l a t  Face 
F l a t  Face 
F1 a t Face 
F1 a t  Face 
F1 a t Face 

TRW 
TRW 
TRW 

acry l ic  
engine 

- 
7 -85 acryl ic 

engine 
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Figure 46, Photograph of Acrylic Engine 
after 4 Seconds of Firing 
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after 4 seconds of firing. 
occurred in the region of the throat, but the foam persisted for a distance 
of 12 inches (see Figure 47) with only minor streaking in the combustion 
chamber. 
from 290 to 262 psia. 

It is readily obvious that some erosion 

During the course of the run the chamber pressure declined 

Detailed examination of high speed movies and the chamber 
revealed a probable cause of low cooling efficiency. 

Other close-ups of the acrylic engine a re  shown in Figures 
48 through 51. 
since it reveals minor but perceptible discolorations, indicating the 
probable presence of fuel propellant penetrating beneath the foam blanket. 
These streaks extend 2 to 4 inches below the point of foam injection. 

Of the close-up pictures, Figure 49 is the most significant 

Although these streaks represent a form of propellant film cooling, 
they are very detrimental to film attachment as  the movie pictures showed. 
The films also: 

0 Confirmed the existence of foam a t  300 psia under hot 
firing 

0 Showed an a rea  of extremely turbulent combustion 
extending 2 to 4 inches below the point of foam injection 

Showed the existence of a myriad of small streaks 
extending 2 to 4 inches below the point of foam injection 

Showed that the small streaks closed up rapidly, 
indicating the antistreaking capability of foam 

0 

e 

0 Confirmed the existence of foam in the trans- and 
super- sonic flow regions 

After the completion of the acrylic engine testing and analysis, 
the heat sink hardware was reassembled f o r  Run 446 with the following 
changes to improve the results: 

0 The point of foam injection was moved 3. 35 inches 
further downstream. 

0 The foam injection angle was redirected from 30 degrees 
to parallel to the wall by tack welding a thin walled 
deflector ring on the inside of the foam ring. 

0 The injection velocity of the foam was increased to 
minimize shearing action of the combustion gas 

0 An additional chamber section was added, bringing 
the total combustion length to 15.70 inches. 

During the first part of the run all Nanmac thermocouples 
(including those located 15.20 inches from the foam injector) were 
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Figure 47. Close-up Photograph of the Chamber Wall of 
the Acrylic Engine after Firing 
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Figure 48. Photograph of the Throat of the Acrylic 
Engine after 4 Seconds of Firing 
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Figure 50. Close-up Photo raph of the Throat of the 
Acrylic Rocket %ngine from the Exit 
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Figure 51. Close-up Photograph of the Skirt 
of the Acrylic Engine 
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observed to stabilize a t  the coolant saturation temperature before heat 
caused the deflector to warp causing foam streaking and stoppage. 
However, cooling efficiencies in excess of 40 percent were observed 
during the stabilized part  of the run. 
encouraging. 
suspected, it was necessary to modify the foam injector because the 
deflector ring had expanded and warped, and as  a result of foam ring 
modification changing the angle of injection from 30 to 12, chamber " 

length was extended 0. 5 inch as previously discussed. The results of 
tes t  447 verified that the cooling efficiency was approximately 20 to 
30 percent higher than that of runs where foam injection was made at 
head end. 

This result was considered quite 
Although significantly increased cooling efficien 

With cooling efficiency near 50 percent, a brief parametric study 
of foam parameters such as  expansion ratio, agent type, and injection 
velocity was run to see if the cooling efficiency could be increased 
another 20 percent. 
objective. The results indicated no further significant increase in 
cooling. However, the earlier conclusions were confirmed: 

Runs 448 through 453 were directed toward this 

0 

0 

The protein foam was superior in cooling capacity. 

The polymeric foam gives antistreaking characteristics 
superior to pure water. 

Runs 454, 455, and 456 were made with reduced coolant rates but 
this seemed to have little effect on overall cooling efficiency until the 
expansion ratio and injection velocity were drastically increased. 
This effect was not evident in Runs 457, 44€, and 459 at the original flow 
rates. 

At this point in the test  program, the NASA injector became 
available and effort was directed toward evaluation if it. 

A checkout test  (Run 460) of the flat-faced injector supplied by 
NASA was made with the foam injector installed upon an acrylic engine. 
This approach was selected to minimize possible damage to expensive 
hardware and instrumentation in the event the injector went unstable. 
The previously demonstrated value of motion pictures in observing 
streaking, turbulence, and length of film cooling also influenced this 
decision. 

Motion pictures of the test (Run 460, Table 11) showed: 

0 Smooth, even foam cooling over the entire engine 
until the combust ion went unstable, with the engine 
coolant rate approximately halved (compare coolant 
data of Run 460 with Run 431 in Table 11) from 
previous runs. 
fir ing.  ) 

(See Figure 52 for still photos of 

0 Reduced wall turbulence effects resulting from main 
injector propellant impingement as  compared to that 
for the coaxial injector. 
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Nominal Stable Conditions Shutdown 

Star tup Unstable Conditions 

Figure 52.  Still Photos of Run 460 
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e Apparently reduced combustion noise effect for the flat face 
injector as compared to that for the coaxial injector until 
engine went unstable 

Unstable combustion was triggered by several 
strong pops occurring near the nozzle. 

0 A swirling mode of combustion instability coupled 
with the longitudinal mode appeared which literally 
ate up the foam, slightly eroded out part  of the wall 
(Figures 53 and 54), and strongly eroded the throat 
(Figure 55), and the skirt  (Figure 56). 

e 

It was encouraging to note that the engine was totally cooled until 
it went unstable. 
protected and the run was allowed to go for its full duration. 

Even after going unstable, the chamber was quite well 

Because of the generally rougher nature of N204/N2Hq combustion 
compared to most other propellants, and a desire to obtain valid 
comparison data between the coaxial type and flat face type injectors, 
it was concluded that the fuel UDMH should be substituted to provide 
smoother combustion. 

At this juncture three ser ies  of tests were planned to evaluate 
foamed cooling with the propellant combination UDMH - N2O4 with the 
mixture ratio increased to 2. 1 to approximate thermal conditions near 
those of NzH4 - N2O4 at a mixture ratio of 1.2 (see Appendix A). The 
f i rs t  test  ser ies ,  Runs 461 and 462, consisted of bastline, no-coolant/ 
heat transfer testing for both injector types in combination with the 
long chamber. The results indicated a drGp in local heat f l u x  from 
that measured for N2H4, and a reduction of the combustion noise level 
to the insignificant level for both injectors. Heat fluxes were comparable. 

The second ser ies  of tes ts ,  Runs 463 to 468, involved the evaluation 
of protein foam and water at flow rates and expansion ratios of 0. 52 to 
1. 6 lb/sec, and 1. 0 to 30 respectively, for the flat-face injector. The 
initial goal was exceeded in Run 468 when 1. 63 lb/sec of protein foam 
was observed to cool the entire engine (16- inch combustion section and 
9- inch throat). 
from 50 to 70 percent. 

Conservatively estimated cooling efficiencies ranged 

The third ser ies  of tests,  Runs 469 to 471, were conducted with 
the TRW injector in lieu of the flat-face injector. Cooling efficiencies 
were again remarkably high. 

The program was terminated on a positive note when it was demon- 
strated that it was possible to cool an entire engine 25 inches long at 
a high cooling efficiency. 
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Figure 53. Photograph of Flat-Face Injector and Acrylic 
Engine on Test Stand (Run 460) 
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Figure 54. Photograph of Chamber Wall of Acrylic Engine 
after 4 Second Firing (Run 460) 
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Figure 55. Photograph of Converging Section and Throat 
of Acrylic Engine (Run 460) 
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Figure 56. Photograph of Skirt of Acrylic 
Engine (Run 460) 
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5.2 EXPERIMENTAL RESULTS AND ANALYSIS 

In j e ct o r 
Type 

T RW 

TRW 

The presentation and treatment of experimental results are given 
in the following manner: 

Chamber Length Pressure  MR 

9.35 (see Figure 33) 3 04 1.21 

9.35 (see Figure 33) 334 1. 20 

Type of Run Parame te r s 

Flat Face 

TRW 

No Coolant 

23.05 (see Figure 34) 275 2. 12 

22.05 (see Figure 34) 266 2. 05 

Type of Fuel 

Type of Injector 

Length of Chamber 

Coolant Type of Injector 

Coolant Properties 

Type of Fuel 

Performance Analysis 

More importance will be placed upon the data from the last ser ies  of 
runs, because of significant coolant stripping occurring in Runs 420 
to 431 when the foam was being injected near the head end. Coolant 
stripping makes data of questionable quantitive value. 

5. 2. 1 No-Coolant Runs 

Five no-coolant runs (417, 418, 419, 461, and 462) were made to 
establish baseline heat fluxes and performances for the engine 
configuration and parameters listed in Table 12. 
runs were not made for all engine configurations used in the coolant 
testing program, primarily because heat fluxes were found to be 
relatively constant, and because of low cooling efficiencies. A base- 
line test was not made with the flat face injector using N2H4 because of 
the possibility of combustion instability and the fear of hardware damage. 

No-coolant baseline 

Table 12. Summary of Baseline No-coolant Runs 

Fue 1 
~ u n  I Propellant 

417 I N2H4 
418 I N2H4 

461 1 uDMH 
462 I UDMH 

TRW I 9.35 (see Figure 33) 1 263 I 1. 15 
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Comparison of typical wall temperature- time traces as a function 
of propellant type and injector configuration is shown in Figure 57. 
readily apparent that an inner wall temperature of 1000°F is reached 
considerably faster with N2H4 as the fuel. Figure 58 translates these 
temperature-time traces into heat fluxes. On the average, Figure 61, 
heat fluxes with UDMH as the propellant were 30 to 40 percent lower than 
those with N2H4 as the fuel. 

It is 

A secondary parameter related to heat flux appears to be injector 
type. 
of the chamber appear to be comparable with the flat face injector being 
slightly less. 

According to Figure 61, local heat fluxes in the downstream portion 

Another factor of relative importance is the wall phenomenon 
occurring at the head end of the chamber. Curve A, Figure 61, shows 
higher local heat fluxes near the head end for the tes t  with N2H4 as  the 
fuel. The corresponding temperature time traces,  Figure 59, confirm 
this point as  the head end Nammac thermocouples show, on the average, 
faster temperature responses than those further downstream. The 
relative spacing of temperature-time traces a t  the same longitudinal 
plane is also indicative of nonuniform combustion. 

When the fuel type was changed to UDMH, the head end of the 
engine became cooler than when N2H4 was used. 
the TRW injector was used, Figure 62 shows that UDMH liquid fuel 
film cooling persisted along the wall for approximately 4. 3 inches from 
the head end. 
beneficial to foam cooling since head heat fluxes a re  significantly 
reduced, Figure 61. 
however, the design must account for it. 

And in particular when 

Main propellant cooling such as this is considered quite 

In order to take advmtage of this cooling, 

A typical comparison of no- coolant temperature-time traces for 
In general, the conclusions copper throat plugs is given in Figure 60. 

regarding the effects of propellant type and injector type a r e  the same as  
those discussed in the preceding paragraphs. 

The heat load on the chamber and throat for the baseline tests can 
be found by graphical integration of the a rea  under the curves of 
Figure 61. The results are summarized in Table 13. Approximately 
one-half of the heat load is upon the throat. 

5.3 COOLANT TESTS 

Thirty-four coolant tests were conducted in which fuel type, engine 
configuration, coolant type, and coolant properties were varied over 
wide ranges. 
fuel and with the TRW injector. 
relating to cooling efficiency appeared to be the point a t  which the 
coolant was injected into the chamber. 

Initially 25 coolant tests were conducted with N2H4 as the 
In these tests the primary parameter 

Nine coolant runs were conducted with UDMH substituted for N2H4 
as  the main propellant fuel. This change resulted in a remarkable 
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Figure 57. 

TIME (SECONDS) 

W a l l  Temperature versus Time, Comparison of Chamber 
Thermocouples - Type of Injector and Type of Fuel 

Figure 58. Heat Flux versus Inner Wall Temperature, 
Comparison of Injector and Type of Fuel 
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Table 

Chamber Run Throat Total 

417 

46 1 

462 

400 

458 

535 

13. No- CoolantBaseline Heat Loads, Btulsec 

390 7 89 

32 1 779 

337 872 

improvement in cooling efficiency, and it was possible to demonstrate 
complete cooling of an entire engine. 
to the good combustion characteristics of UDMH which lead to signifi- 
cantly reduced heat fluxes and smooth combustion. 

The improvement was attributed 

Because this is a feasibility study with a primary objective to 
demonstrate high cooling efficiencies andbecause of the much wider 
use of UDMH than N2H as  a fuel, emphasis is placed on the last 

upon the cooling technique, but that more  detailed examination is 
r e  quire d. 

generation of testing. 4: he initial tests a re  not viewed a s  a limitation 

An example of typical temperature-time t races  for chamber Nanmac 
and throat copper plug thermocuples is given in Figure 62 and 63. 
particular run 1. 63 lb/sec of protein foam having an expansion ratio of 
5. 8 was being injected into a combustion chamber 16.20 inches long 
downstream of the point of foam injection (see Fugure 34). 
surface thermocouples, including the one 15.85 inches downstream of 
the point of foam injection and all  throat temperatures a r e  established 
at the saturation temperature of the coolant. 
been estimated to be near 50 percent of the theoretical capability: 

In this 

All Nanmac 

The cooling efficiency has 

The efficiency may actually be somewhat higher, because the 
engine may actually be over- cooled. 

The data fromthis a r e  cross-plotted on Figure 64 along with the 
data from an equivalent run using the TRW coaxial injector. 

Figure 65 shows the effect of coolant flow rate on wall temperatures 
at selected chamber and throat locations. 
decreased at constant expansion ratio, Runs 463, 464, and 468, a flow 
rate will be reached at which the coolant will not be able to cool the wall 

As the coolant flow rate is 
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to the saturation temperature. 
efficiency remained relatively constant at 45 to 55 percent. 
when the expansion ratio was increased to -30, the efficiency was 
observed to increase to - 70 percent, independent of main injector used, 
Figure 66, thus strongly supporting a conclusion that the foam efficiency 
was nearly twice that of pure liquid by itself. 
the close of the program to check the effect of expansion ratio on 
efficiency at the higher flow rates. 

As the flow rate was reduced the cooling 
However, 

There was not time at 

The predominate number of coolant tests were conducted with 
N2H4 fuel. As previously stated, one primary coolant variable appeared 
to be the distance fromhead end to point of foam injection. 
compares coolant data at two time slices for runs 447 and 420 when 
foam injection was 6.35 and 1. 5 inches respectively, below main 
injector. During the early part  of run 447, foam was observed to travel 
-1 1 inches (-4570 efficiency) or  - 5 inches further than that for equivalent 
run 420, (cooling efficiency -2070). As indicated the length of chamber 
cooled (and hence cooling efficiency) appeared to decrease with time to 
-25%. 
(cooling efficiency -30 to 3570). 
time may be due to low frequency combustion noise causing coolant 
film chugging. 
UDMH was used as a fuel shows that the coolant traveled - 3 times 
further with UDMH. 

Figure 67 

Figure 68 shows the small effect of a wide expansion ratio change 
The decrease in cooling efficiency with 

Comparison of these data with the coolant data when 

The effect of coolant parameters such as  agent type and expansion 
ratio was investigated early in the program, Runs 1123 to 430, and to a 
lesser  extent in Runs 449 to 459. 
in Figure 69a and 69b which present temperature-time traces for Cu 
plugs in the A radial position. The experimental procedure was to vary 
the w of the coolant as  shown for a fixed foam type and expansion ratio 
until the threshold of complete cooling was reached for the short engine 
and then a parametric study of expansion ratio and foam type was 
conducted. 
indicate that: 

Most of these data a re  summarized 

A comparison of the results for the gel and protein agents 

0 

0 

Protein foam exhibits the best cooling capacity 

Slightly better cooling is achieved at the higher 
expansions 

0 H20 and the water foam with 2370 polymeric agent exhibit 
nearly the same cooling capacity although the polymeric 
agent has a smaller but unknown heat of vaporization 

0 Once the coolant passes through the throat, any 
significant differences a re  minimized 

The effect of foaming agent type and expansion ratio was again 
investigated with the point of foam injection lower in the long chamber 
configuration. These results are summarized in Table 14, and, in 
general, confirm the conclusions reached in the preceding paragraph. 
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Table 14. Summary of Runs Conducted in Parametric Study 
of Agent Type, and Expansion Ratio with Long 
Chamber, TRW Injector, with Point of Foam 
Injection Lowered 6. 35 inches 

Foaming Distance Cooled to 
Expansion % Saturation Temperature Agent - Run 

447 370 Protein 5 1.215 7. 85 

- 

448 370 Protein 10 1.225 5.40 - 7.85 
450 23% Polymer 10 1. 19 5.40 - 7. 85 
451 1. 5% Detergent 10 1. 17 5.40 -7. 85 

452 1. 570 Detergent 10 1.21 5.40 . 7. 85 

2.95 -. 5.40 454 370 Protein 5 0. 52 

455 374 Protein 27 0.528 5.40 - 7.85 
0.511 2.95 * 5.40 456 1.570 Detergent 32 

457 670 Protein 22 1. 18 (?  ) 5.40 - 7. 85 
458 670 Protein 22 1.2 (? ) 7. 85 - 8. 80 
459 670 Protein 22 1. 16 7. 85 

Six tests were conducted with unfoamed liquids, Table 15, to 
establish cooling capacities, stability, and susceptibility to streaking in 
relation to the foamed liquids. Foamed liquids can only be achieved 
through a certain degree of complexibility; therefore they must show 
some distinct advantages in relation to their parent liquids. 

Figures 70 through 75 are comparsons of TC traces for copper 
plugs located in the same radial plane to illustrate the role of coolant 
type, agent, and expansion ratio on the undesirable phenomenon called 
streaking. Figures 70, 71, and 72 pertain to H20 and illustrate how it 
streaked through the throat at station B. 
in the no coolant runs as indicated by the curves at the left. 

Little streaking was observed 

Figures 73 and 74 give the effect of expansion ratio and foaming 
agent type on copper plug temperature traces at the throat. 
polymeric agent unquestionably exhibits the best antistreaking capa- 
bilities, and the protein foam is far superior to water. 
the traces for the ungassed liquid with agents and shows that the poly- 
mer ic  liquid has intrinsic antistreaking qualities. 

The 

Figure 75 gives 
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Run 

425 

42 6 

427 

453 

466 

470 

- 

Table 15. Summary of Tests Conducted 
with Unfoamed Liquids 

Foaming Agent 

2370 Polymer 

370 Protein 

None (Water )  

None (Water) 

None (Water) 

None (Water) 

w 
2.42 

2.38 

2.43 

1. 17 

0. 522 

1.635 

- 

Three additional tests, Runs 453, 466, and 470, were conducted 
with pure water a s  a coolant. 
the equivalent results of a foamed liquid, Figure 67, indicate that 
water has a smaller effective cooling capacity. 
t races  of chamber thermocouples, Figure 76, for run 466 indicated that 
water channeled very badly to one side of the chamber. 
can probably be traced to an injector distribution problem, which 
becomes crit ical  at low coolant flow. 

The results of tes t  453 when compared to 

Temperature-time 

The streaking 

Figure 77 shows that the cooling results obtained with water were 
not always consistent. In this particular instance, water was observed 
to cool a combustion section 16.2 inches long with only minor streaking 
through the throat. In general, though, water and unfoamed liquid 
containing surface active agents are susceptible to streaking, injector 
maldis tr ibution, and, apparently, increased stripping. 

9 8  



600 

500 

400 

300 

200 

100 

TIME, SECONDS 

Figure 70. Radial Cu Plug Temperature-Time Traces for Water 
Coolant Illustrating Streaking Character istic s 
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Figure 71. Radial Cu Plug Temperature-Time Traces for Water 
Coolant Illustrating Streaking Character is tics 
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Figure 73.  Radial Cu Plug Temperature-Time Traces for Protein 
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Figure 74. Radial Copper Plug Temperature- Time 
Traces for Polymeric Foam Illustrating 
Antis treaking Character is tics 

TIME, SECONDS 

Figure 75. Copper Plug Temperature-Time Traces Showing Difference 
between Protein and Polymeric Liquids 
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6 7  

AXIAL DISTANCE FROM POINT OF FOAM/WATER INJECTION 

T4 T5 T6 T7 

21 22 23 24 i 

Figure 77. Comparison of Axial Temperature Traces for Water 
and Protein Foam 
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5.4 COMBUSTION ROUGHNESS INTERACTION 

It was readily apparent that general combustion roughness had some 
influence upon the results. 
superiority over that f rom the N2H4 data. 
of the foamed liquids is that they may possess some damping charac- 
teristics. The unstable flat face injector case is worth examining in 
this respect. 

The UDMH data clearly illustrates a 
A possible basic capability 

A summary of oscillograph results of the single test  with the flat 
face injector is  given in Table 16. 
simultaneously with the motion pictures of the test, a complete descrip- 
tion of the test can be formulated. 
was characterized by stable, smooth combustion with "perfect" foam 
film cooling through the entire engine. 
the engine temporarily recovered. 
to cease flowing. 
combustion was seen to go into a coupled chugging and swirling 
instability. 
builds up in a I(pilel' underneath the point of foam injection. 
during the upswing pressure cycle, the foam is recompressed and flows 
along the chamber wall. 
is reached, the foam is sheared from the wall, although the boundary 
layer remains "cloudy1' through the throat. 
remarkable and a testimony to the cooling ability of foam that the acrylic 
engine could be run for approximately 3 seconds in this mode without any 
significant hardwar e damage. 

When these results are viewed 

The start-up and early part  of the run 

A longitudinal pop occurred, but 
During the pop the foam film was seen 

A second pop occurred later and shortly thereafter the 

During the low pressure cycle of the chugging mode, foam 
Then, 

However, when the point of swirling combustion 

It is considered quite 

That the first recovery from the pop was due to acoustic damping 
At the second is certainly not proven; however, the possibility exists. 

pop, the foam flow was completely disrupted and was not fed into the 
zone of maximum turbulence. Therefore, if it were a damper, it had 
been removed from the zone of effectiveness, and at  the low injection 
velocities, could not force itself into the zone of maximum sensitivity. 

Table 16. Summary of R u n  Data for Run 460 Flat Face 
Injector with Acrylic Engine 

Time from Start 
(seconds) 

0,650 

0.865 

1.0 

1.26 

2.44 to 2.73 

3 . 9  

First significant pop, Pc 240, 100 cycle/sec, 40 psi 

Very bad fuel oscillation, 79 cps, 74 psi peak-to-peak 

Maximum chamber pressure 300.66 psia, 
= 112 psi, AP  = 68 psia Apfuel ox 

Start engine roughness (chugging and swirling) 

Engine roughness seems to subside 

Shutdown, Pc = 189 psia 
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5.5 PERFORMANCE SUMMARY 

Although not of specific task interest to this program, i t  is of interest 

Both theoretical and experimental performance calculations were 
to examine the effect on performance with the introduction of the foamed 
coolants. 
made to determine the effect of coolant flow rate and expansion ratio upon 
overall performance. 

Experimental performance calculations were made every one-fourth 
second of the run by a computer according to the following sequence of 
formulas. 

w 
P 

= F t P a A E  F~~~~ m 

- F~~~~ 

CD At 'F - I? 

Calculated values of 0% and Isp were adjusted for  the coolant flow 
rate by multiplying by the following factor: 

I3 
i T  

C 
lk t w  

P 

where lk = lkHZO t kN (GN2 was used a s  the ca r r i e r  gas here.) 
C 

g 
No other corrections were made to the data, other than the indicated 
standard momentum with heat addition correction. 
means of normalizing the data for comparison purposes. 

This provides a ready 

Theoretical results for the characteristic velocity a r e  given in 
Figure 78 for various percentages of water (the nitrogen addition has a 
minor effect on the results). Temperature data a r e  given in Figure 79. 

Since the primary effect is one of heat loss to the coolant, the 
interest should be focused on the contribution of the coolant back on per- 
formance. The raw reduced data are summarized in Table 17 for both ~ 

the N2H4 and UDMH runs. 
Figure 78. 

The reduced plot of the data is given in 
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Table 17. Summary of Performance 

Run 

417 
418 
41 9 

420 
421 
42 2 
423 
424 

42 5 
426 
427 
42 8 
429 

430 
43 1 

446 
447 
448 
449 
450 

451 
452 
453 
454 
455 

456 
457 
458 
459 
460 

461 
462 
463 
464 
465 

466 
4 67 
468 
469 
47 0 

47 1 

ISP 

260 
263 
263 

2 44 
23 6 
240 
217 
- -  

219 
220 

217 
221 

216 
202 

244 
258 
247 
270 
2 47 

247 
248 
248. 5 
2 58 
257.5 

259 
238 
23 5 
239. 5 
235 

-- 

258. 6 
258 
239 
2 50 
246 

249 
2 53 
228 
226 
240 

2 52 

.b 

C'* 

5445 
5506 
5334 

5060 
4910 
4980 
4595 
4660 

4610 

4600 
4610 

4460 
4240 

5080 
5500 
5250 
5700 
5260 

5260 
5210 
5290 
5410 
5380 

5400 
4990 
4940 
50 50 
5040 

-- 

CF 

1.53 
1.54 
1.54 

1.545 
1.545 
1.555 
1.54 - -  
1.535 
1.53 
1. 542 
1. 525 
1.54 

1.55 
1.537 

1.573 
1. 51 
1. 528 
1. 525 
1.515 

1. 516 
1. 536 
1. 538 
1.535 
1.542 

1.54 
1.54 
1. 528 
1. 527 
1. 50 

* k,/ iyp 

0.0 
0.0 
0.0 

0.133 
0.183 
0.183 
0.300 
0.283 

0.273 
0.267 
0.263 
0.342 
0.337 

0.382 
0.366 

0.168 

G. 152 
0.0279 
0.147 

0.146 
0.148 
0.123 
0.0585 
0.087 

0.0894 
0.207 
0. 21 
0.194 
0.205 

0.126 

C" With Coolant 
C::: Without CooIant 

1. 31  1.0 
1. 31  1.0 
1.31 1.0 

1.31 * 934 
1. 31 .905 
1.31 .917 
1. 31  .846 
1. 31  .859 

1.31 .848 
1. 31 .850 
1 .31  - -  
1. 31  .848 
1. 31  . 8 5  

1. 31 .823 
1. 31 .808 

2. 62 
2.62 
2. 62 
2. 62 
2.62 

2. 62 
2.62 
2. 62 
2. 62 
2.62 

2. 62 
2.62 
2. 62 
2. 62 
1. 31 

FUEL PROPELLANT CHANGE TO UDMH 

5420 1.535 . o  2. 62 
5460 1. 515 . o  2. 62 
50 60 1. 524 0.14 2. 62 
5280 1.525 0.066 2. 62 
5200 1. 52 0.104 2.62 

5280 1. 525 0.0579 2. 62 
53 50 1. 521 0.0184 2. 62 
4840 1. 52 0.216 2. 62 
4970 - -  0.182 2, 62 
5010 1.54 0.192 2. 62 

5340 1. 525 0.102 2. 62 

1.0 
1.0 

.935 

.972 

.951 

.975 

.985 

.89  

. 9 1  
* 915 

.975 

.1< 0.. 'kc = $l Liquid t W N2 C a s  

'k = $l Fuel t Oxidizer 
P 
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Figure 80. Theoretical Performance Versus MR for 
Several Coolant Fractions 
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This relative performance figure was prepared from the data of 
Table 17, by plotting the ratio of peTforpance with coolant to that without 
coolant versus the fraction coolant Wc/Wp. 
in the coolant flow rate and becomes a significant portion at expansion 
ratios near 30. Data for runs 446 through 460 were not included in the 
correlation because no baseline run was made with this L/D. The chart 
shows that, in general, the performance of the coolant is -1/2 of that for 
the main propellant combination, and that the performance enhancement 
increases with expansion ratio. 
relative theoretical performance and UDMH + N2O4 for varying fraction 
of coolant at nominal MR's of 1. 2 and 2. 05, respectively. 
on the graph, the theoretical effect of the addition of N2 is to increase the 
performance over that for the unfoamed liquid. 
between theory and experiment is quite good. 

The gas flow rate was included 

The solid and dashed lines represent 

A s  indicated 

In general, the agreement 

The analysis presented in the preceeding paragraphs illustrates a 
potentially attractive feature of direct film cooling with foamed liquids. 
Further performance optimization by the use of foamed reactive coolants 
such as N2H4 may lead to nearly "free!' cooling of an engine with only a 
slight increase in weight and complexity in an  actual system. 



5 . 6  GENERALIZED CORRELATION TO LARGER ENGINES 

T 
E 
M T  
P S 

As a part  of the analysis effort an approach to generalizing the 
results for design purposes was developed. 
show a simplified view of the model. 

The sketches given below 

coolant saturated 

Re cover y / Com bustion Driving 
force 
for heat 

Saturation Temperature 

Temperature 

of Coolant 

The model is constructed with the following restrictions: 

( 1 )  It deals with only the chamber wall 

(2) It considers only saturation cooling, i. e . ,  ignores super- 
heating of vapor 

( 3 )  An ideal case where no liquid stripping x c u r s .  

With this simple model the quantity of coolant required to maintain 
the chamber wall a t  the Saturation temperature is straightforwardly 
given by: 

hrDL(To - Ts) 
- -  - heat transferred to wall - hAAT - - - 
AHC AHC wC cooling capacity of liquid 

where 

h - heat transfer coefficient hot gas to chamber wall 

A - a rea  of chamber wall 

D - diameter of chamber 

L - length of chamber 

T 

T 

- combustion or  recovery temperature 

- saturation temperature of coolant 

0 

S 

AHC - cooling capacity of liquid, heat of vaporization plus 
sensible heat of liquid 
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If the flow through the nozzle is given by the classical equation for one 
dimensional flow of an ideal gas: 

where 

7iv = propellant flow rate 
P 
R = universal gas  constant 

k = ratio of specific heats I 

A* = throat a rea  

P = chamber pressure 

To = 

0 

stagnation temperature or  combustion temperature 

Then the ratio of coolant flow to propellant flow is: 

w 
4 w 
P 

h -  AT ITDL 
AH 

P 
K -  A* 
K 

Approximating AT by To and multiplying and dividing by 
4D/4D the f i rs t  approximation is reached. 1'' 

where 
chamber flow area  

CR (contraction ratio) = throat area 



At this point any applicable substitution for the film coefficient, h, 
For simplicity, a generalized pipe flow type relationship can be made. 

is used 

For rocket engines fairly good correlation in the downstream part  of the 
combustion can be obtained with C ’- 0. 027 to 0. 030 and n of 0. 75 to 0. 80. 
Starting with the Reynolds number first ,  simplifications can be made as  
follows : 

Substitution of this relationship into the equation for heat transfer 
coefficient and rearrangement leads to: 

0.75 

D 

0. 25 0.75 

= [C K F C R  ro ] (&) 
Further substitution of this relationship into the equation for the 

coolant percentage leads to: 

W 
C - 
P ;v = c  

0.75 
[“PK & i R ]  (E) A 0.25 

K P ~ A H  

0.75 
[“PK & i R ]  (E) A 0.25 

K P ~ A H  
3 1 2  
0 

T 

1 ~ P r o r f r t i e s  

Flowing Fluid 
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Since the term K is related to the characteristic exhaust velocity, c*: 

The equation for fraction of coolant can be further related to conventional 
rocket engine parameters accordingly: 

C W 
C - =  

Ticr (glO. 125 
P 

0. 25 
0*75(kC*30. 25 T 0 ] [ (-eD) ( 4 g ) ]  C 

Interestingly, this equation says that T 
important roles in determining .c;V /+ 

L/ D, and AH play the most 
O.,* , CR,  Po, a%d D a re  accord- 

ingly secondary par amete r s . c P' 

The formulas developed in the preceding paragraphs can be used 
to directly predict the fraction of coolant for increased engine sizes,  
o r ,  more  practically, to scale known results to other engine sizes 
by using the same propellant: 

I 

Table 18 presents the results of scaling calculations using a known data 
point, Run 471, and a high value of C of 0. 0364 for the 50K and 250K 
operating engines. 

The results in the table show how wc/wp decreases with engine 
size. Calculations based on predicted Q/A confirm the scaling ' 

technique. 

Based upon the simplified cooling model which assumes that the 
coolant does not mix with the reacted propellant, a simplified performance 
analysis was undertaken to estimate the performance contribution of the 
coolant. Shown in Figure 8 i a re  computer-calculated performances 
for steam a t  i5OO0 and 8600R for a range of expansions. 
in general, that the performance of the coolant is - 1/2 of that for the 
reactive propellants, confirming the experimental data shown in Figure 78. 

This plot shows, 

These preliminary calculations which predict a very reduced 
coolant fraction flow with increasing engine sizes and the experimental 
performance results indicating negligible performance degradation with 
coolant may combine to make this an extremely attractive low-cost 
method of cooling a rocket engine. 

I 1 3  
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Figure 8 1. Steam Performance for T w o  Selected Temperatures 
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Multiple injection points have not been evaluated as  yet; however, 
theoretical considerations show that the effectiveness can only improve. 
The actual need for multiple injection with foams has, of course, not 
been determined as yet. 
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6 .  CONCLUSIONS 

An experimental- analytical study has been conducted to evaluate 
the feasibility of foam liquids as potential film coolants in a rocket 
engine. 
laboratory scale, and a rocket engine heat transfer evaluation. The 
following conclusions were reached in the pressure evaluation of foams: 

The evaluation consisted of pressure evaluation of foam on a 

0 Water fire-fighting foams made with protein or  polymeric 
or  detergent surface active agents and a 
with the polymeric agent were found to exist to pressures 
of at least 300 psia. 

N2H4 foam made 

0 Visual observations were made of water and N Hq foam 
under the influence of flowing, high-pressure k2 gas in a 
glass  venturi 25 inches long. 
persist  in the subsonic, sonic, and trans sonic flow 
regimes, confirming high resistance to shear stripping. 

All foams were observed to 

0 Satisfactory high pressure foam generation methods and 
rocket engine foam injection techniques were developed 
and proven. 

Forty-one heat transfer tests conducted in heat sink and acrylic 
rocket engines capable of chamber length, injector , propellant combina- 
tion and coolant property variations led to the fol1ow:ng: 

Confirmation of the existence nf foam in a hostile 
combustion and pressure environment 

That high coolant efficiencies of a t  least 70 percent 
were possible for propellant combinations having good 
combustion characteristics 

That foamed liquids exhibit superior cooling capacity 
and antistreaking characteristics to their parent liquids 

That the highest cooling efficiency was obtained for a 
protein foam at an expansion ratio of 20 to 30 

That cooling efficiencies were approximately halved when 
the injector chamber designs a r e  not properly matched. 
In such instances wide coolant property variations seemed to 
have little effect on cooling efficiency. 
injection seemed to be a significant parameter, though. 

The point of foam 

A generalized correlation was developed to show how the ratio of 
coolant to propellant flow markedly decreases with engine size. 
Coolant flows near 1 percent were predicted from actual data. 
small coolant flows plus some enhanced performance drived from the 
coolant make the film coolant concept attractive. 

The 
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In conclusion, the feasibility of the concept has been established 
and additional parametric evaluations and improvements of the foams 
through chemistry studies as well as injector design a re  warranted. 



APPENDIX A 

PERFORMANCE CHARACTERISTICS F O R  P R O P E L L A N T  

COMBINATIONS USED I N  
ADVANCED ROCKET ENGINE COOLING CONCEPT STUDY 
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Figure  A-1. Cha rac t e r i s t i c  Velocity as a Function of Mixture  
Ratio f o r  N204 /N2H4 
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NOMENCLATURE 

A - 

A* - 

C - 

‘F - 
CR - 

D - 

d - 

EXP - 

h 

K - 

Area 

Throat Area 

General constant 

Thrust coef f ic ien t  

Contraction r a t i o  

Heat capacity 

Performance, f t  / s  e c  

D i  m e t  e r  

Depthof foam sample 
v +v 

g L  Expansion r a t i o  of foam, - 
vL 

Force 

Applied rad ia t ion  f l u x  

Mass veloci ty  

Gravitational constant 

Tot a1 Enthalpy 

Relative Heat Resistance, 

Heat t r a n s f e r  coef f ic ien t  

Spec i f ic  heat r a t i o  

Thermal conductivity 

Length 

Mixture Rat i o  

Pressure 

Heat f l u x  
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R 

t 

T 

v 
+ 
i i  

X 

Y 

AHfg 

AP 

QT 

NRe 

P r  

FP 

rl 

(T 

a! 

7 

CI 

P 

0 

Subs c r i p t  s 

S 

i 

r 

- 

- 

- 

Gas constant  

Th ic  kn es s 

Temperature 

Velocity 

f t 3 / s e c  

lb / sec  

Distance 

D i s  t anc e 

Heat of vapor iza t ion  

Pressure d i f f e rence  

Temperature change 

Reynolds Number, - DVP 
CI 

C P  
Prandt l  Number -$- 
Frac t ion  Propel lan t  

Cooling e f f i c i ency  

Surface tens ion  
XC 

C 
Thermal d i f f u s i t y ,  - P 

P 
Time constant 

Viscos i ty  

Density 

Measured des t ruc t ion  time of foam 

S a t  ura  t i on 

Xnj ec t ion  

Recovery 
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C 

W 

CD 

CH 

P 

0 

f 

t 

g 

L 

1 

2 

V 

VP 

a 

m 

Corr - 

Coolant; chamber 

Wall 

Chamber down 

Chamber head 

Reactive propel lan t  

Stagnation, oxidizer 

f u e l  

Throat 

Gas 

Liquid 

Condition 1 

Condition 2 

Vapor i z at ion 

Vapor pressure  

Ambient 

Measured 

Corrected 
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