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SUMMARY 

The system  analysis, design, and performance of a contr 
an experimental flight-type hydrogen fue l  system are  presented. The f u e l  
system was designed to investigate s m  of the  pr blems associated with 
the  ut i l izat ion of hydrogen as a n  a i r c r a f t   f u e l   ( W ~ o g e n  was c a r r i d  
in the  fuel  tank  as a cold l iquid,  vaporized in heat exchanger, and in- 
jected in to  the cambustian chamber as a gas. The fuel was forced through 
the system by pressuriz-  the tank. The type of control that appeared 
most capable of cop- w i t h  the  characterist ics of this system was a flow 
regulator. The flaw regulator designed f o r  the system was a dff fe ren t ia l  
reducing-valve  type. 

Speed cantrol of the engFne was obtained by coupling the hydrogen 
regulator  to the JP-4 fuel   control .  'Because the hydrogen regulator was 

control system w a s  essent ia l ly   the same on hydrogen as on JP-4 fuel .  
designed fo r  high dynamic response, the perfarmanee of the 
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Among the a t t rac t ive  features of hydrogen as an a i r c ra f t  fuel me 
its potent ia l i t i es  f o r  increasing  the  alt i tude and range of a i r c ra f t  and 
as a  heat sink: f o r  cooling a i r c ra f t  and engine ccenponen-ts during high- 
speed f l i g h t  (ref. I). The greatest disadvantage of hydrogen a6 an air- 
c ra f t   fue l  is its low density. Even fn the l 4 u i d   s t a t e  hydrogen occu- 
pies a much larger  volume than an equivalent amoullt '(in heat  cantent) of 
JP-4 fue l .  For t h i s  reason a flight plan that calls for the use of hy- 
drogen only a t  high altitudes where the   fue l  requirements are l o w  appears 
the most feasible at present. Such a flight plan calls for  takeoff and 
climb on JP-4 fuel.  In t h i s  way operation cm hydrogen for a reasonable 
length of time can be provided  without  prohibitive volumes. 

h e  of the objectives of a program undertaken to investigate the use 
of hydrogen as an aircraft f u e l  was t o  study sane of the problem6 that 
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occur in such a fuel system in an airplane in flight. With respect   to  
fuel   control  the Investigation  presented two interesting problems. First, 
the use:lOr dual fuel system8 appeared t o  mr-t me study of an inte- 
grated  control system that would be ccanpatible with both  fuels and could 
switch between the two fuels  without excessive  transients. Second, the 
hydrogen ..fuel  system employed as a heat sink incorporates a heat exchanger 
or vaporizer and injects  the fue l   i n to  the engine  as a gas, factors which 
are not  present i n  the Jp-4 fuel system. Preliminary ground studies in- 
dicated .that this system was i n   are cases  unstable, the ins tab i l i ty  being 
characterized by a slow surg ing  osci l la t ion in gas flaw ( ref .  2).  
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A fl3-ght investigation of a heat-sink $me .hydrogen f u e l  system was 
accomplished by installing the necessary components on one engine of a 
twin-engine high-altitude medium bomber. The Jp-4 fue l  system for this 
en-gae wa.6 'left intact  and provisions  for  switchover from JP-4 f u e l   t o  
hydrogen f u e l  at the intended  altitude of the investigatian were provided. 
Pr ior   to   the   ins ta l la t ion  of the f u e l  system in the aircraft, the com- 
plete  system and component parts were investigated in an altitude t e s t  
chamber (ref. 3). The results of the flight of the a i r c ra f t  on hydrogen 
fuel,  which was successful, are presented in reference 4. 

. "  

This report  discusses the influence of the chazacteristics of the 
fue l  system, the control  requirements of the engine, and the control re- 
quirements of the flight plan on the type of control  selected and its 
design. Also discussed are s m  constructicm details and the  general 
performance of the control. 

Hydrogen Fuel System 

A schematic  drawing of the hydrogen fuel system used for  both the 
altitude-test-chmiber  studies and the flight t e s t s  is shown In  figure l(a). 
The system cansists of a fuel tank, a vaporizer-type heat exchanger, a 
regulator, and a fuel-injection system. The tank is f i l l e d  w i t h  liquid 
hydrogen at  atmospheric pressure  (tPsrperature,  about 40° R). It is then 
pressurized w i t h  gasems helium at a pressure of about 55 pounds per 
square inch absolute t o  provide a source of l iqu id  hydrogen at sufficient 
pressure to overccgne a l l  the system pressure losses and to accmplish In- 
jection  into the cambustion chanfber. The tank and its  instal la t ion are 
described In reference 4 .  

A schematic- diagram of the vaporizer is shown iq  figure l(b) . The 
exchanger was designed t o  vaporize  the  fuel tk.ou$h the heat  obtained from s 

the flow of ram air at altitude across the finned tubes.  Liquid hydrogen 
was introduced at a header at  the b o t t m  and gaseousi-hy&ogen a t  apprax- 
imately 60° R was available at the  top  header. The vaporizer-type  heat 
exchanger is described in  detail . - . in - reference . . . . . 5 .  

* . .. .... - : .=. .  - 
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The fuel-infection system consisted of 36 tubes (114-a. fed frm 
a canrmon manifold. Each of these tubes introduced gaseous  hydrogen in to  
the vaporizer  tubes of t h e   c o d u s t i m  chamber ( f i g .  l(c)). The injection 
system is described  in  reference 3. 
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The characterist ics of the   fue l  system that are important with re- 
spect t o  f low regulation are the  pressure-flow  characteristics. A sche- 
matic representatim of these  characteristics is Shawn in figure 2. The 
lFne labeled "canbus t ion -che r  pressure" is characterist ic of the  
steady-state  carpressor-discharge  pressure  plotted  against the engine 
f u e l  flaw. The line labeled 'Lmanifold pressure"  represents  the  pressure 
drop in the  Fnjectian system  added to the compressor-discharge pressure. 
The line labeled "supply-system pressure" is the pressure to which the 
fuel tank is subjected. me supply-system pressure  l ine is shown with 
a slight  decrease with increasing flow, which r e p r e B e n t s  the character- 
i s t i c  of the regulator  applying the helium pressurizing gas plus the 
fr ic t ion  losses  i n  the piping and the heat-exchanger loss. The differ-  
ence i n  pressure between that avaflable frm the supply system and that 
required at the manifold at any given flow is  the pressure drop available 
f o r  flow control. 

Control  Requirenents 

In a simple system, flaw control nornrally would  be obtained by In- 
ser t ing a thrott l ing  valve in  the line. However, in previous  experiments 
( re f .  2 )  with this type of f u e l  system, flow inskbilities of a slaw 
surging nature were encountered. In a law-resistance system  such as this 
one, the inherent flow regulation is poor. Thu, disturbances  (such as a 
variation in the energy-release rate in the vaporizer, which depends on 
liquid level,  flow rate ,  and so forth) manifest themselves as flaw varia- 
t ions Fn the system. This characterist ic of the fue l  system requires a 
control  incorporating flow regulation. 

Other characterist ics of the f u e l  system that cmplicate  the control 
requirements are the  variations in the pressure-flaw characterist ics of 
the  ccqonents of the fuel system. For example, the,  injection-system 
pressure-flow  characteristic  varies markedly with variation i n  tempera- 
ture of the fuel ,  which at this poFnt in the system i e  in a gaseous s t a t e .  
Such variations in the pressure-flow  characteristics of the fuel-system 
components require a type of control that is independent of the 
variations. 

The engine  used in  the flight tests was of a type  ut i l iz ing an axial- 
flow compressor, an . a n u u l a r  vaporizer-type ccmbustor, a two-stage tur- 
bine, and a f ixed-area  exhaust  nozzle. h an engfne of this type, the 
control  requirements a r e  the  prevention of oversped,  avertemperature, 
canpressor surge, and conibustor blowout. When using hydrogen a6 a fuel', 
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these sme requirements  apply  except that the requir-t an the minimum 
fue l  flow t o  prevent blowout can be greatly relaxed  for hydrogen because c 
of its much wider flammability limits (ref. 6). In the conventional Jp-4 
f u e l  engine control, overspeed,  overtemgerature, and surge  prevention are 
obtained by the use of an overspeed  governor and a fuel-flow schedule. 
The use of a f'uel-flow  schedule necessitates the measurement of fuel (hy- 
drogen) flow. Tplis requirement  again  suggests the  use of a flow-regulator 
type of control in the  hydrogen f ie1 system. 

. .  

Because of the requirements of the flight program, it was desirable 
* 
VI co w t o  incorporate a type of control system that would give autcpnatic control 

of engine  speed and that could be switched fromthe regular fuel t o  hy- 
drogen without  excessive  transients. The requirement of a closed-loap 
speed control would it necessary t o  regulate fue l  flow an the gae- 

' ems side of the  vaporizer because the  large  energy-storage  capacity of 
the vaporizer w o u l d  introduce  such a long time constant that closed-loop 
operation of an engine-speed control would be very slow compared with 
that obtainable with the JP-4 fue l  system. 

CCNTROL SELF,CTION 

Much  of the  preceding discussion on control  requirements  indicate6 
the  desirabi l i ty  of using a f l o w  regulator Jn the hydrogen fue l  system. e. 

Furthermore, a flow regulator appeared  necessary t o  conibat fuel-system 
ins tab i l i t i es .  It also has the desirable feature of being  insensitive t o  
variations in the fuel-system-component characterist ics and is amenable 
t o  a fuel-flow schedule for  prevention of wertemperature and surge. 
Other requirements have indicated that a speed-CmtrOl system is desir- 
able. Because the regular  engine  control is a speed-control system and 
contains  the  fuel-flow Bchedule for  surge  prevention, f t  seemed desirable 
t o   u t i l i z e  a6 much of the existing control system a6 poseible . This was 
accomgljshed by constructing the hydrogen flow reguLator as a r a t i o  con- 
t r o l  device, that is, such that it controlled the weight f l o w  of hydrogen 
in a fixed r a t i o   t o  the weight flow of JP-4 fue l  f'rom the engine-speed 
control. During operation w i t h  hydrogen in 6UCh a system the JP-4 fuel 
flow from the  engine control was not  injected  into the  engine  but W&E 
diverted back t o   t h e  fuel  tanks after passing through i ts  part of the 
hydrogen regulator. .The flow r a t i o  was the iwerse ratio of the  heating 
value per pound of the two fuels. 
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The type of flow  regulator  selected  for  thz hydrogen fuel system was 
a d i f fe ren t ia l  reduc5ng valvk. This regulator  controls flow by maintain- 
ing the  pressure drop across an or i f ice  in response t o  an outside cmmmd 
through the  variation of a valve in series with the   o r i f ice .  This type 
of regdat or is insensitive t o  upstream or downstream pressure variations 
within i ts  range and  can be made reasonably fast acting. It was coupled, 
as previously  described, t o  the  regular engine control by passing  the 
JP-4 f u e l  frm the JP-4 fuel   control  through a device that produced the 
flow camzlaasd sigaal for the hydrogen flow regulator. 

The differential-reducing-valve flow regulator used (fig. 3) con- 
sists of a piston, or  diaphragm, subjected to  the  pressure drop across 
the flow-measuring or i f ice  and the force fromthe outside ccmnmd, and 
is coupled t o  a valve in series with the flaw-measuring or i f ice .  Any 
unbalance of forces will cause the assembly to move until force  equilib- 
rium is obtained. !Thus, a pressure drop across the o r i f i ce  is set up fo r  
every  value of command force . However, the  equation for flow through an 
or i f ice  also involves the gas density as f o l l m :  

where w is weight flaw, A is or i f ice  area, p is density, and LIP is  
the  pressure drqp across  the  orifice.  A gas-f ill& bellows is sensi t ive 
to the  pressure and the t q r a t u r e  of its environment and produce6 a dis- 
placement which is approximately  proportional t o  the gas density. When 
the maventent of such a bellows is used to vary the  orifice area A In 
the fashion l/G, equatim (1) becanes 

W "  

Because  t h e   s c t i m  of the regulator is t o  produce a LIP f o r  every conmaad 
force F applied,  equation (2) m y  be written 

Thus, a weight flow of hydrogen gas is obtained f o r  each force applfed, 
and t h i s  flaw is inaependent of variations i n  upstream o r  downstream 
pressure. 

This differential  reducing valve is converted t o  a device that con- 
trols t he   r a t io  of flow of hydrogen gas t o  the  flow of JP-4 fuel by cou- 
pling it t o  a device that produces a force as a function of the  flaw of 
JP-4 fuel. The flow of JP-4 fuel is passed t h o u &  an or i f  ice and the 
resulting  pressure drop is imposed across a diaphragm to p r o h c e  a force 
that is a function of JP-4 f u e l  flow as f o l l m  : 

wJP-4 = 7 F D - 4  - 
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This force is  then imposed on the hydrogen regulator  to  control the weight 
flow of hydrogen gas i n  a constant   ra t io   to  the flow of JP-4 fuel .  The I 

numerical  value of t h e   r a t i o  is matched t o  the rat i o  required by the 
heating  values of the fue ls  by suitable  selection of or i f ice  areas, piston 
or diaphragm areas, and the force-equating  linkage  ratio. 

A schematic drawFng  of the layout of the rat io   regulator  is shown i n  
figure  4(a),  and a secticcnal drawing is shown in figure 4(b) .  The JP-4 
fuel orif$.ce consists of an annular clearance between the Jp-4 fuel  pi8ton Ip cn 
and the  cylinder wall. The force  obtained fram the JP-4 fuel  piston is a ccr 
transmitted  through the pivoted  lever asse@bly t o  the h@rogen piston..sys- 
tem. The hydrogen or i f ice  is composed of the clearance between the  pieton 
and the wall, and the valve varied by the density-canpeneating  bellows. 
The reducing  valve is an integral   par t  of the piston assenibly and 1s a 
pressure-balanced type. 

- " 

The hydrogen regulator  housing and piston and the connecting  lever 
are a l l  type 347 stainless  steel. The density-catpensating bellowe and 
the sealing bellows are brass. A l l  parts-associated with the  bellows 
were made of brass so that soft-solder sealing could  be  used. The other 
parts in the hydrogen regulator are  brass. The JP-4 fuel   p is ton hazebg 
is alumFnum alloy, md the JP-4 fuel   p is ton and shaft me stainless  steel.  

Both piston asseniblies are mounted on linear b a U  bearlngs in order 
t o  keep f r i c t i o n  &8 low as possible. The clearances and concentricities 
of these assemblies are  such that no s l ia ing   f r ic t ion  I s  involved. The 
cross-lever  pivot  bearing i s  a needle  bearing. All bearings  operate with I 

whatever lubricatian their respective  fluid  envirmmnts  can  provide. 

h 

Relatively  high-resistance heat-leak paths between the bydrogen and 
JP-4 fuel  aid& of the  regulator are provided so that Jp-4 fuel is not 
sol idif ied.   In  the mounthg  bracket that connects the two units together, 
t h i s  is a c c q l i s h e d  by reducing  the  cross-sectional area of the mounting 
bracket t o  a m i n h .  In the lever assembly the two s e t s  of bellows with 
their  large  surfaces  help conduct heat into the relatively  quiescent 
fluids  surrounding the lever. 

Moving seals, such as around the lever assembly, were formed by bra86 
bellms soft-solder& t o  the corresponding parts. Stationary  seals were 
formed by narrow soft-aluminum gaskets.  Stationary sea ls  were incorpo- 
rated at the point where the lever-assembly  bracket  attaches t o  the hydro- 
gen valve  housing and a t   t h e  two end flanges af the housing. 

The steady-state and transient  characterist ics of the r a t i o  regUhtOr 
were determined from bench tes t s ,  and the performance In the engine-speed 
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10- w obtained f ran an altitude-test-chamber  evaluation of the  engine 
and hydrogen fuel Bystem. The bench test data were obtained using air  at 
ambient temperature instead of hydrogen gas at the design temperature of 
60' R. Because the density  cmpensation bellows was desimed to operate 
in the 40° t o  2OO0 R region, it was inoperative a t  the bench test t q r -  
atures.  Thus the bench data present   mly  the  abi l i ty  of the regulator 
t o  regulate the pressure drop across the.metering  orifice.  With perfect 
density compensation ass&, these data indicate the a b i l i t y  of the con- 
t r o l  t o  regulate gas flow. 

Steady-State Response 

The steady-state respanse of the rat io   regulator  is deflned essen- 
t i a l l y  by its a b i l i t y  to hold the flow ratio constant in sp i t e  of varia- 
t ions in upstream or downstream pressure and independent of the absolute 
l eve l  of Jp-4 flow. Bench test data are 6lrmmn.rized in figure 5 t o  show 
the variation of metering orifice pressure thop at  several  percentages of 
rated JP-4 f u e l  flow as  a function of inlet pressure in figure 5(a) and 
discharge pressure in figure 5(b) .  These curves  indicate the abili-ty of 
the regulator to control the pressure &cop across the  metering  orifice 
t o  the desired value in spite of upstream or  downstream pressure v u i a -  
t ions.  IT perfect  density compensation is assumed, they a l s o  indicate . 
the a b i l i t y  of the regulator to control the gas flow a6 a function of 
Jp-4 f u e l  flow and independently of inlet or  discharge  pressure. Although 
the flow ratio maintained by the regulakor over the series of JF-4 f u e l  
flaws is not shown as such, i ts  relative  value may be obtained by can- 
paring the f low percentages of the JP-4 fuel flow and the hydrogen flow. 

The reducing  valve  used was not a tight shutoff  valve,  but was de- 
signed f o r  good control  characterist ics.  It therefore permitted a flow 
of gas at its minimum-area position. These curves are labeled 'balve 
closed" in figure 5. Cmversely, there is a maxirmrm. valve area, and t h i s  
area i n  series with the  or i f ice  w i l l  define a maximum-flow curve. This 
curve is labeled  "valve open" fn figure 5. Because the valve can open t o  
a wider area than the or i f ice ,  this curve is  essentially the o r i f i ce  
pressure-drqe  characteristic. 

The most probable  operating  pressures far the manifold are a l so  shown 
in figure 5(b). The posit ian of this curve on the operating map of the 
regulator indicates that rather large changes in the manifold pressure 
characterist ic can be permitted without changing the fiaw delivered by 
the  regulator, With the manifold pressure character is t ic  i n  the position 
shown on figure 5(b) the pressure drop across  the  regulator at 100 per- 
cent rated JP-4 fuel flow is approximately 20 pounds per square inch gage 
and the discharge  pressure is approximately 10 pound6 per square inch 
gage. The characterist ics shown in figure 5(a) f o r  atmospheric  discharge 
are also approximately the same f o r  discharge pressures from 112 t o  2 . 
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atmospheres. !Rus, the ordinate may be considered  equal t o  the pressure 
drop  across the control. For operation with pressure drops near 2 0  8 

pounds per square inch the flow delivered by the regulator is insensitive 
to   var ia t ions Fn upstream pressure. - 

The flow range of this regulator cannot  be  cansidered lwge;  how- 
ever, it was designed t o  operate  principally at one condition.  Extending 
the range is primarily a matter of reducing  the  valve leakage. Another P 
method, which has less effect ,  is to  aperate w i t h  a lower orifice  pres- 
sure drop. 5 s  method unfortunately  reduces  the  operating  forces in the 
regulator so that trouble may be  encountered w i t h  randcan effects  such as 
impurities of a solid  nature. The range can be extended  almost without 
limit by referencing the tank  pressure  regulator, whi.&..sets the supply 
pressure, t o  the pressure damstream of the reducing valve. Thus, there 
w i l l  be a relatively  constant  pressure drop available for the reducing 
valve. On figure 2 this procedure wou ld  change the supply  pressure line 
t o  a position  approximately pa ra l l e l  with the mmifold pressure  line. 

VI 
UY w 

T r a n s i e n t  Response 

The dynamic characterist ics of the  regplator can be described by - 

three  transfer  functions: hydrogen gas flow as a function of (1) JP-4 

fer function, hydrogen gas flow as a function of JP-4 fuel fluw, defines 
the dynamic a b i l i t y  of the regulator   to  change the bydrogen flow in re- 
sponse t o  changes in JP-4 fuel flow. The second and thi rd  t ransfer  func- - 
tions describe the   ab i l i ty  of the regulator t o  hold the hydrogen flow in- 
dependent of perturbations  in either supply or discharge  pressure. 

* fue l  flow, ( 2 )  inlet  pressure, and (3) outlet  pressure. The first trans- b 

For small perturbations this regulator .cap be- consijiered linear- 
Because a l l  three inputs  manifest  themselves as forces on the moving BB- 
sembly, the same break  frequency w i l l  apply t o  all transfer  functions. 
Thus, the dynamic characterist ics can be sufficiently  described  by ob- 
tainFng one  of the transfer functions. The transfer  function of hydrogen 
gas flow t o  Jp-4 f u e l  f l o w  i s  the one mst hagortant t o  the s t a b i l i t y  of 
the speed-control loop. 

.. 

Figure 6 is a plot  of bench t e s t  data, which show the amplitude and 
phase characterist ics of hydrogen gas flaw t o  perturbations of &lo per- 
cent i n  Jp-4 fuel flow at rated flow. Ln.view of the absence of strong 
enough trends t o  indicate a more complicated  response,  the system u t  be 
described as first order with a break frequency of approximately 6 cycles 
per second.  There is some evidence fran the amplitude  response that the 
spring and mass system formed by the piston and sealing bellows a s s e l y  
is affecting  the response  near 12 cycles  per second, but  the phase data 
do not  indicate a second-order  response. The calculated value of the 
spring and mass resonant  frequency is in the  region of 12 cycles  per 6 
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seccrnd but  varies because of the nonlinear spring rate set up by the 
direction in which the s e a l i n g  bellows are deflected. 

The imgortant  aspect of this  transfer function is that the  break 
frequency is of the order of 100 times the engine break frequency at the 
a l t i tude  of operation. Thus, the r a t i o  regulator w i l l  have pract ical ly  
no effect  on the dynamics of the engine-speed-control loop, and no re- 
adjustment of control-loop  gain will be required. 

The regulator Kill maintain the a b i l i t y   t o  regulate the gas flaw 
independently of upstream or  downstream pressure  variations to the degree 
shown by the steady-state data up to the break frequency of 6 cycles per 
second. Above this frequency gas-flow variatfans will increase at ap- 
proximately 6 decibels  per  octave with frequency of inlet or outlet  
pressure perturbations. 

Performance in mine-Speed Loop 

In the discus sic^^ of the t ransient  response it is noted that the 
regulator was of the order of 100 times faster than the epgFne. The dy- 
namics of the regulator would therefare not affect the control-loap re- 
sponse.  Calculations f o r  the manifold response Indicated .that its time 
constant was of the order of 1/2 second at the rated flow condition. 
This makes the mantfold response of the  order of 5 to 10 times the re- 
sponse o f  the engine, and, hence, the control loop will not be affected 
to any great extent. 

Figure 7 is EL plot of JP-4 f u e l  flow to the ratio  regulator,  engine 
speed,  cartpressor discharge pressure, and pressure drop across the mi- 
fold  as a func t im of tine during which the JP-4 f u e l  flow to the r a t i o  
regulator  w a ~  subjected t o  a t ransient .  The result ing demped OscFllation 
in all the variables  indicates the action of the regular  engine  cmtrol 
in recovering frmthe disturbance. None of the variables  indicates any 
unstable  tendencies. The response shown in figure 7 is quite similar to 
the  response obtained w i t h  the normal configuration of the  control system 
using JP-4 as the e n m e  fuel, which indicates  that the dynamic response 
of the elgmenta added to the control 10- when aperating on hydrogen is 
suff ic ient ly  high that the control-loop d L m c s  me not affected. The 
responses of the control system to t h r o t t l e  bursts conducted dura 
flight t e s t s  were simUarly w e l l  behaved. 

The fue l  tank used i n  this investigation w a s  designed f o r  re la t ively 
low pressures , and thus the total   pressure drop available frm the sup 
ply  tank to the engine canbustion chaniber waa re la t ive ly  small. This 
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low-resistance-type system has poor flow  regulation, that is, small 
changes in supply-tank  pressure or canbustion-charriber pressure can cause I 
large changes in flow. In addition,  variations  within  the system, such 
as the  vaporizer  acting like a pressure  generator,  can disturb the flow. 
A flow  regulator  tends t o   s t a b i l i z e  these flow i n s t ab i l i t i e s  by introduc- 
ing a variable resistance in the system. The exact nature of these in- 
stabilities and the  contribution of the dynamics  of each of the c q o -  
nents of the  fuel  system and the engine t o  them have not been  determined. 
It is probable that configurations of t h i s  erigirie and fue l  system  could 
exist which could  not be stabil ized by flow regulators. This ins tab i l i ty  * 
i s  one of' the  major  problems d a low-resistance-type hydrogen fuel sys- : 
tem incorporating a vaporizer. 

c. 
. . .  

The successful performance of the  ratio  regillator both in the ground - 

tests and in fl ight  indicates that the principle of controlling  the  sec- 
ond fue l  of a dual f'uel system frm the primary fuel   control  I s  pract ical .  
Such a system is especially  attractive if one of the fue ls  has properties 
that make it d i f f i cu l t  t o  handle  because  mechanical contact  with the "un- 
friendly"  f luid is minimized. Although the experimental  investigation 
was limited t o  a very narrow f l i gh t  range,  primarily  because of a supply- 
tank  pressure  limitation, the hydrogen control  unit can handle a much 
wider range of flows by maintaining  the  supply  pressure somewhat above 
the injection  manifold  pressure. 

Lewis Flight  Propulsion  Laboratory 
National Advisory Ccmmittee f o r  Aeronautics 

Cleveland, Ohio, July 16, 1957 
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(a) Schematic drawing of compotlgnes. 

Figme 1. - m o m  fuel system. 
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(b) D i a g r a m  of heat exchanger. 

Figure 1. - Continued. Qdrogen fuel system. 



14 

( c )  Method of injectrzlg hydrogen - 8 .  

Figure I. - Concluded. Hydrogen fuel system. 
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(b) Dischqge-pressure variation. Inlet pre~s~re, 30 $o~inds per square inch gage. 

Figure 5. - Ccncluded. Insensitivity of re@lulatar to pressure variations. 
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