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SHORT INTRODUCTION TO CONTNTS

Both in China and abroad, in thermal physics and engineering circles, the trend
in the design of new tymnes of combustion chambers is to combine the use of aerodynanmics,

she science of heat itransfer and heat iransfering materials and the theory of the
scisnce of combustion with exgerimental testing carried out by using the techmology
available for precise, high speed, automatic measurements; the theoretical knowledge
available and the data which can be obtained are then combined to improve the cuality
of onysical and mathematical models of the flow fields in questiani programs for the
calcnlations are arvanged, and commuiers are used to figure cut flow field character-
istics and, at the same time, collaborate the test results.

This book analyses the air flow struciures and flow £icld characteristics of the
combustion chambers of jet engines from the point of view of aercdynamics; i* in“~o-
duces basic concepts and basic ecuationsy, and it tlaces amrhasis on theory and exper-
imentation describing vortex flow fields and turbulense “etsgs this is to form a
prevaratory foundation for the numerical salculation of combustion chamber flcw fieslus,

There are sixteen chapters all together in this bock, and it could be useful v
studied by senior students or research persomnel snecializing in thermal physics eng-
ireering and dynamies at major technical acad-mies and schoolsy it can also te use-
fuliy studied by scientific and technical personnel in fields related to combustiicn,
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CHAPTER 1 INTRODUCTION

Seetin 1 Capability Targets for Combustion Chambers of Turbine Jet “ngines

Combustion chambers are the "ovens" of turbine jet engines, called "turbine
jets" for short, With ajir flow, fuel injection and ignition, one gets combustion

which throws out heat energy and increases air flow, High pressure, high temper-
ature mses flow through the turbine wheels, and the exvansion of these gases ;
inside the jet tubes creates power, If there is no air flow, there is no com= '
bustion, and the “turbine jet" cannot maintain its functioning cycle. If com=

bugtion is bad, then, the capabilities of turbine jets cannot be zood,

Aircraft fly in different climates, at different altitudes and different
sveeds, The technological requirements for the cambustion chambers of turbine
lets must te particularly striet, It is requird that, within the "I{lisht envel-
one", engines not be extinsuished, that combusticn be fast, stable, even and good.
2reond this, it is also resuired that there be few combustion chamber failures,
that chamo~r life is long and that the chambers are small in volume and lisht in
weight, The quality of combustion produced by various combusticn chambe ' 3.-
called "capability targets."

A fizhter aircraft flies above an isothermic layer, and, because it has
dievaloped a flame out malfinetion, the compressor turbines tum in vain, In
such a circumstance, the combustion chamber intake pressure can drop to 7, <.

043 (H/cmz); temper2ture can drov to tz'a'!f -30°(C); and, flow speed can rise

ag high 2s ’52'“' 100 (m/s). The only thing to do is to dive to a lower altitude

or temvorarily change over to gasoline; moreover, one must inject oxygen, and,

only then, can the engine be reignited, The altitude at which an extinsuished

an~ine o-n be reisnited is called "ignition altitude™; it is Zwmerally hetween ;
8070 apd 1279 n, Imition al:iitudes are safe aliitudes,

2y using the volume of flow Q (m3/s) to eliminate the combustion chamber
volume V (mi)’ one can obtain the air flow "stop over period” t:: 68 (m8)e In
this period of time, the air intake volume G must be apportioned to various areas,
the Jet fuel must be atomized, vaporized, mixed, heat must be released by chemical
reaction, the air mixtury must be rebumed, the temperature mmst be lowered, etc;

and all these vrocesses must take place in a timely manner because, only then, can
continuous, stable combustion be sustained.




Combugtion is the violent collision of rolecules of oxygem with molecules of
fuel in such a way as to destroy the structure of the fuel molecules and form
molecules of a new compound, Under conditions of high temperature and pressure,
molecules have many oprortmities to collide and many oprortunities to reform;
the chemical reaction time tk < 1 (ms). As far as spsed of combustion is concemed,
it is primarily decided by the speeds of air flow distribution and mixing., Jero-
dynamic nozzles and vapor tubes cause liquid fuel to atomize ahead of schedule,
«hich causes vavor and shortens the mixing vreparation time within the combustion
c-anber, One cin say, ""ven niving means fast burming.” Yithin a combustion
chamber, how many kilocalories of heat energy can be produced by each square meter
of volume, for each hour, for esach atmosvhere of pressure is called "heat emission

t*angtl*" or I, The I value for turbine jet coml‘ms!::i.orx'r chambers is (2.~ S)x 107

{ kca.l/m hr - atm); the same value for a normal boiler is, s 5% 10° (kcul/m shr - atm);
30, tre combustiocn chamber ig about 100 times hotter. Given a fixed value of I,
1t is sossibdle to estimrt~ +he volume of the combustion chamber involved.

According to the quantitative equilidbrium eguations for the chemical -ezctions,
every kg of kerosene will bturn its precisely required cuantity of air Lo’aé 14,7,
The actual ratio between air flow quantity G and Lo is called the gas rcmaiader
coefficient 3. W“hen a turbine jet is cruising at nizh aliitudes, the amount of
air entering the chambd»>> G can be right arownd 12C *inmes the amount of fuel being
injected G,.; under maximra conditions it will be around 50 times Gf. That is %o
say that the whole variaticn range for the gas remainder coefficient a8 is idey
i.eo 3.5 €a<, 8. In actuality, when loczl values of &> 2, it is very difficult
to ignite “he fuel. Therefore, no matter what kind of operational camfiguration
a2 turbine jet is in, it is necessary to *ake vaing to maintain the local value of
the gas remainder coefficiemt in the main combustion area of the combustion chame
ber within the range 0.5 <s< 1 in order to prevent flame out, The average in-
take air flecw speed for ~ombustion chambers can be in the range of ua 30100
(m/s)e Stability of combustion is evidenced by such things as tolerence of 2 'ride
range of lean and rich mixtures, low temperature, low pressure, high air speed,
while still maintaining flame stability and vigor without deviation or flame out,

As far as the use of high capability ignition gear for the forcing of igni-
tion is concemed, when such equimment is used to start aircraft in cold weather,
it is particularly important to be sure that the throttle is not pushed %oo fast
increasing speed too violently., DBecause of the fact that when rotation speed is
low,  kerosene atomization, vaporizing and mixing are not yet completely prepared
for, it is not possible %o achieve stable combustion in the main combustion area.
However, if forced ignition is not stopped, the fire can flow down and reach the
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exhaust port of the combustion chamber or even the turbine wheels before it really
Starts o bum; this condition raises the temperature but does not increase the
rotation speed of the turbine; this can lead to the destruction of the turbine
fan blades by the heat, This is called 2 “heat stovpage" milfunction.

There are three important irdicators of good combustion:

(1) Overall combustion effiéiency % and local Combustion Efficiency g,

Make H= the fuel heat value, f=1 [8L = the fuel to air ratiosy 1let the total
heat content of the zases when they are at the exhaust port of the combustion
chamber and have already bgm bumed = i;; and, let the total heat content of
air at the intake port = i;. If one takes each kilogram of air as the basis,
then

A +Pif =i o i

overall combustion efficiency # = iH

“le already know "‘; we measure the averzgz overall temperature of the intake
and exhaust 523 flow 7: and i ¢+ and, 're f‘*n Tigure # ©y cnecking a gas heat eng-
ineexring rromerties cha.rt or bv retting J.3 and i:, it the vresent time, 4= 99% :
for the main combustion chambers of turbine jets. This is 2 numerical value for
this characteristic, which is obtained through static engine testing, In flight
? will be lower,

In the interior of the combustion chamber, measurements of local fuel con-
centrations in different parts of the chamber = C (kg/m Je The initial fuel ﬁ
concentration before cambustion is taken to equal Ce (xg/m )3 and, the fuel con=-

sumption ratio ¢ = Cf/Cf e Before combustion, 4: = 1- after combustion, it
o ,

equals O,
Tocal combustion efficiency 7 = (1=:¢ ) %3 the lccal rates of chemical

»aaction

W “if(,,c,.) - -c,,-:-:‘i [kg/m® * s].

local rates of combustion :i follow the course of the flow and gradually

rises until it reaches the overall combustion efficiency 4 .

"unevenness"
(2) 9, the , € level of the exhaust port temperature field of com-

bustin chambers,
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Because the flow speed distribution inside combustion chambers is uneven, and
the digtribution of fuel concentration is uneven, therefore, there is no way for
the exhaust port temperature distribution to be even, In order to assure the
strength level of the turbine fan blades, strict limits must be placed on the
"meveness" of radial and circumferential temperature distributions in the air flow

coming out the exhaust port:

Define & = Hjighest overall exhaust port temp-Avz overall exnaust temp
Avg overall exhaust vort temp-Avg overall intake temp

... Fe

;ﬂ—'?’-szs%.
TS —1T»

" If one can raise the average, overall exhaust port temperature for combustion
chambars, —f}' and reduce the "unevmess:; 8's then, i% is certain that one cen raise
the capabilities of turbine jets. If ’1‘3 can be raised so that ?,‘g; 2C00K, then,
1ow temverature miving is not required znd neither is assisted combustion.

(3) +all temperature distributions of flame tubes,

The matzrial in the +hin ranels of flame tubes have 2 limited ability to res=-
ist high temperatures, If the temperature distribution on a wall surface is not
even, and the surfaces are subjected to aerodynamic and mechanical vibratioms,
~2using stress concentrations almng the edges of openings in the panels, it is
very easy to have fatigue, creasing damage, cracking and complete failure, Pieces
of failed material can then flow with the air current down into the engine where
they can damage the turbine fan blades, and this ean lead to a3 whole range of ac-

( cidents! At present, localized hot spots in the walls of flame tubes should not

axceed 85000, and the average temperature throughout the walls is g, 6c0°C, T
oxder to vrevent overheating of the flame tubes, first, combusticn must be ciabdble,

. that isy the flames must not expand, wobble or consume the inside of the tubes,

Secondly, air film cocling or "sweat cooling" must be used to protect the inside
walls, The air films which stick to the inside walls of the tubes very seldom
take part in the combustion, and are not a main force in the operation of the eng-
ine; <therefore, every effort must be made to reduce the amownt of air film coolings
the amount of air used for this purpose should not exceed 25%, ’

The lack of carbon accumilation in jet tubes and arowmd jet mouths, the lack
of exhaust smoke, minimal quantities of the poisonous gases CO and NO in exhaust,
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a ninimal amount of combustion noise =~ all these things are also are indicators of
"good buming," The Peoples laws concerning these matters set strict limits on
axhaust smoke, CO and NO content of exhaust and noises

If one is to achieve fast combustion, stable combusticn and good ® mbustion,
then, the constructim of combustion chambers -- <neaking from an aerodynamic noint
of view — voses many obstacles and limitations. For example, COMPressors,
swirl atomizers, stabilizers, evaporization tubes or jet nozzles, as well as ~ur-
rant lirection bvaf{fles, shinmting vanel mixing ape>tures and narrow aracks ecan all
be considered as obstacles; foreing air currents to reduce svead, to suddenly in-
tensify, to turm, to rotate, to divide, to blast and to mix can all be considered
as limitations, These "obstacles" and "limiations™ cause air flow sSpeed disz*ritu-
tion to be exiremely wneven; this produces turbulence ard vortices. The viscose
i*y ~hear forces beiween layers of air and the friciion between the air flow and
the solid surfaces of the engine will both tend to reduce the *otal pressure .AP*.

“he total rressure P*represents the 3ize of the total amount of mechanical emergy
in the air flow; that is to say, the amount of work that the expansion
of the air flow is capable of doing. There is an overall pressure 1éss of 1% in
front of the tail jet nozzle, and the thrust of the turbine jet is reduced by some-
thing more than 1%. Drops in air flow pressure which occur as a result of energy
expended in order to overcome blockages are called "flow blockage losses," Even
if one has 2 [12%, smo-th, straight tube with no surface friction and no vortical
turbulance, it only takes an increase in the heat of combustion, and such an iner-
ease will necesszrily increase the sveed of the air flow -nd decrease the pressure,
This phenomenon is called "heat vlockage loss.™ It can be clearly seen from all
this that the basic contradietion in the design of combusticn chambers is that in
oxer to immvove combusticon capabilities one rmst introduce meny flow blockaces
and heat Ploc'ages, The gener~l nressure ratio between the exhaust nozzle and the
intake nozzle of a combustion chamber is called the "general pressure repletion
coefficient” o, For combustion chambers of the same form and dimemsions, it is
obvious that the higher ¢ is the better, In gemeral, " should be > 0.94.

A "thermal expansimn strength", I, which has a high value i3 a reflection of
a combustion chamder which hags a small volume, The design of a turbine jet must
make rational ugse of limited space, The process of develovment goes from single
or simple tubes to intercomnected tubes and, finally, to the tubular combustion
cavities themselves, Recently, the trend has been toward the use of shortened




cavities, double cavities and sub-divided cavities in the construction of combustiom
chambers.

Shortening the length of combustion chambers not only reduces the volume of
the chamber and lightens its weight, it is also capable of reducing the amount of
air required for air film cooling, which allows the absolute maximum amount of the
air entering the chamber to take part in mixing and combustiomn; shortening the span
between *he turbine wheels and the compressors inéreases rigidity along the main
axis 2s well as critical rotation sveed.

™his method for shortening the length of combustion chambers iInvelves short-
ening the chamber entry compressor or the use of a "sudden compression form" zas
entry; these tyves of chamber entries take advantage of vortex »eflux and shorten
flame length; they also increase the maximum permissible temperature in front of
the turbines, -'17:, and inecrease combustion efficiency q therefore, it is nos=ible
to shorten or el.m.nata areas of suprlementary fuel feed and lowered temperaturs;
with such 2 design it is possible to adjust combustion to diffarent operziiommal
configurations and eliminate exhauwst gas paszages,

Because their heat emission strength is high, their operating conditicns 3ive
erse and their technical requirements siringent, the gemerzl overhaul life of tur-
bine jet combustion chambers is much shorter than thad of naval ship boilers or
surface ovens. The general overhaul life for the combustion chambers of fighter
| aircra.ft,’\g.ppmimately 200-50C hours, The general overhaul life of the combustion

chambers of civilian aireraft can exceed 1000 hours, All the technical reguire-
men+s for a combustion chamber cannot be satisfied at the same time. For example,
fast buming and lang life, good combustion and small losses are contradictory

requirements, One must set the main capability targets for a combustion chamber
according to its intended applicatiom,

2, Flow Distribution in Combustion Chambers of Turbine Jet Gngines

Tig 1.1 is a cross section diagram of the cavity of a comnecting-tube type com-
bustion chamber. The compressors send air flow G (kg/s) through the cavity's pres~
sure intensification apparatus where it slows down and is pressured into the com=~
bustion chamber entrance with an average flow speed of u (m/s), a density of "oy
(kg/mj), an average overall pressure of ?, (N/cm )} and an average overall temver~
ature of T" (K)o Distributions for the entering air flow G in certain predetermined

ccm‘ign:atlms are as follows:
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(1) The =mownt of zas flowing from the eddy current "gear into the main com-
bustion area, G,, accounts for approximately 8-1C%,. the exhaust at the end of the
eddy current avparatus is fitted with flow guide bvaffles which have numerous holes
in thems this is to -revent the accurulation of carbon, The blades of the edCy
cur-ent devices force the air flow to rotatey this creates the vortical reflux area
(see Chapter 6 for a detailed treatment of this subject),

(?) The sas volume, G., which flows into the main combustion area from the
~a8 nixture avertures and the main fuel - avertures accounts for avnroximately
12=?(E5, These two cms'\‘.i/tuents of ke zas volume (314.- G,_,) and *he amo:nt of jet
fuel which is mixed in in approoriate pronortions together form a lcc2l gas remain-
der coefficient o2, 1,C, A rich mixture in- the main combustion area with a< 1,0,
is advantageous for starting combustion and for the stability of high aliitude com-
Sustion; however, the local combusticn efficiency 7 is tog lcw, and a »elatively
long surnlemen*2ry ccombustion area is weauired, 4 lean nizture in *he main come
Tustion area vith &2 1 has advantaces wnich are the eract oorosite of thosze of
a rich aixture,

e ™35 ~olume distribution and 7; and T* of the gases mtering the flame tube
o7 *Fte ccnnected tube combustion chamber in Fig 1,1 change along the course of the
flow,

(3) The zas volume, G., which comes from the surplementary  fuel aper=-

14
{ures and enters and enters'gthe sunrlementary combustion area acecounts for aprrox-
imately 20=257, If the main combustion area has a =ica mix*ure to degin with,
theoretically, the mutual interaction and mi:ing of (3,} 02+ 33) and Gf should
cause the local sas ~emainder coefficient at the exit of the suprlemer*ary ccm=
bustion area to Teach &€ 3 2 with lceal cocmbustion ef ficieney veaching : g 084,
(1) The s2s volume, G,, which is entering the cooling area from the large
corling aperture added to ‘,’r:e zas volure used in aix filn coolins, Ge» a:.cccunts
for ap-roximately U5-5%%, If one can raise the ove=zll tomperature,’_?:: which
is permissible for entrance into the turbines from 1200°K to 1600°K, then, it
is possible to reduce the amount of gas necessary for cooling, G4. If one can
shorten the combustion chamber, lessening the amomnt of wall surface necessary
in cooling, then, it is possible to reduce the amownt of gas used in the air film,
Gce Not only can this raise the thermal emission strength, I, it can also greatly
l;wer fuel consumption, sfe, (the number of kg of fuel consumed per hour for each

kg of thrust).

In Fig 1.1 one can see that, in the area in front of the main fyel
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aperture, that is, in the main combustion area, the drop in overall pressure and the
rise in overall temperature are both very fast., This explains why both the mixing
and combustion of air and fuel are very violent.
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Fig 1,1
1o Zddy Current Ar-aratus 2, Gas Mixture Aperture 3, Reflux Area 4, hin Fuel
Averture 5, Suvplementary Fuel Aperture 35, Air Filr Cooling Crack 7., Cooling
Aperture 8. Outer Cavity Skin 9, Jet Nozzle or iHouth 10, Flow Cuide Baffle
11, Pressure Intensification Apparatus 12, Main Combustion Area 13, Supnlementary
Combustioan Area 14, Cooling Area 15, Gas Cuide Tube 16, Overall Temperature
17. Inner Cavity Skin 18, Overall Pressure 19, Cas Flow Momentum

Sec 3 Flow Field Structure in Combustion Chambers of Turbine Jet Fhgines

At any given instant, the form of the distribution of the air flow speed vector,
V, pressure strength, p, fuel concentration, Cps and overall temperature, '1‘*, within
a limited svace is called the "flow field structure” of the combustion chamber, or
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"gpeod field", "pressure stremngth field", "concentration field" and "temperature
field." Through the use of high sveed cameras or pulse laser integrated -
information vhotogravhy, it is possidle to photogravh a certain cross sectian of
the "air flow structure"” in a limited srace, If several cross sections are rhoto=-
graphed, it becomes possible to analyse the "flow field structure" of the space,
Fuel mist vaporization, sneed of diffusion mixing and concentration of 4iffu-
sion and mixing are all detarmined by local flecw sne-ds, Therefore, the "speed

field " letermines tke "cconcertr-zisn fi121d,." ola2cular ~ollisions and the speed
and amount 25 *lemmal eaicsion Trom conbusticn ire all determined By lcezl temne
eratures, nressures and fuel concenir=ticns. Therefore, ~he “concentration field"
detarmines the "temperature fi~?4," Looking at it from this point of view, the
speed field of the main combustion ar-a determines the ‘emperature field of the
axhaust port of flame tubes, If ‘he exhaust zor* iemprraiture distribution dess
not measure up to standamds, *hen, it is necessary to improve the "flow field
structure®™ of the main combustion area, If holes or scccndaxy seams open later

in the middle section of flame tubes, it has no gre~t eff=ct,

Air flow is movement by a "collective of molecules" or a "nicro-mass of sas.”
™ow speed is the speed of the center of mass of the "micro-mass of sas" also called
the "material point particle."” TEven if the collective flow speed, V=0, if one
could bore into the microcosm of the "micro-mass of gas, one would see large nune
bers of gas molecules each havhazandly ricocheting and colliding with each othex
at different speeds, U, and from different directioms. I one looks a2t the swn=-
shine which penetrztes into a dark room through a crack in a window, one can see
smoke and dust rolling and bouncing back and forth in the colurm of light; splash
a few 4rovs of perfume here and there, and one can smell it throughout a2 vhole
room; both these observations are manifestations of "molecular motion," Under

conditions of standrd %femrerature and pressure, evary 22,4 liters of gas cantain
II°= 6.023::1023 adolocules, Say the volume of the "micro-mass of gZzs™ is 1 cm% it
still contains N @.2,7x10'? molecules. According to the theory of molecular motion,
temperature, T, expresses the level of intensity of the linear motiom of molecules,
or it revresents the statistical average of the kinetic emergies of the molecules

(1/2)mﬁ2; it has nothing to do with the volume of the "micro-mass of gas." Pres-

sure is an expression of the size of ihe strength of the molecular collisioms

which occur on each wnit of surface area of the inner wall of the "micro-mass of

gasy it is related to the molecular nuiber and tRe number of collisions., When

a glven number or molecules absorbs thermal energy, its movement is violent, its i

e}
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average kinetic emergy is large; its temperature is high; the space between one
molecule and another is widened; the volume occuvied by the micro-~mass of gas is
increased, or, one could say, its density is diminished. Therefore, if the number
of molecular collisimns recieved by each surface area unit of the inner wall of
L the micro-mass of gas is reduced, then, the pressure will be diminished,

“hat has been said above can explain why the air flow through a clean, wnob-
structed tube must be speeded up as soon as heat is added to the system and the
volume of the micro-mass of sas exrands if the air flew is to maintain the same

spexd it has ‘hrough an unscostuctad tube, A 4rom in »-essure in the air flow
produces a "temperature blockage," .

It can also explain why it is diffict'xlt to start ignition and conbustiom under
canditions of low temperature 2nd »nressure, 3Because oxvgen molecules and molacules
of fuel are few in number, their motion i3 slow, 1nd *heoix eollisions 2re not vio=
lent encugh, ovportunities for their combining are few,

"o recosnize the fact that "flcow fields™ ave fo~mad Ly ccntinucus micro-masses
of gas without zans of smaces. <=ven the smallest misro-masses of gas are much
larrer than *he dimensions of 2 3inrle mclecule. Thererore, they are called
continuous media or macrocosms and are not considered in terms of molecular noticn,

The influence of the circumferential pressure which is recieved by the mi~ro-
masses of gas can cause deformations, ‘vhen the density, f;: also changes in line :i*h

{ these deformations, it is called the "compressidbity" of the gas. All zases are com-
nressivle. Zowever, when the air flow Mach number is M < 0,70 or the flow speed
¥ <60 (m/s), comvressibility is no* noticabdle, and one con treat zases under *hese
conditins as non-compressible fluids, that is, with density, ”j?,apfroximate];/ aqual
( to a constant,

Imagine that there is a fixed, rectangular coordinate system superimposed over
the flow field. The coordinates for the material point =article, i, of a cer*ain
micro-mass of zas are (X,7ez)3 *he com~cnents of smeed vac*or, V, along %, 7 and
z are Uy v and W, Using x, y and z as well as time, * , as indevendent variables,
it is possible to write functianal equations for the flow structure by using stand-
ard values for the variables p; T and p of the micro-mass of gas alang with the
components of the vector quantity, ¥. The equations are as follows:

P~ p(e, 75 2 1) Umals, o 8. E)
Te=T(x, 9, ¥,7) " veouls, y,.4, 0
p= p(.i‘,'_y,"ﬁ', r) - w wiz, 3, %,
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If one uses experimentation or theoretical methods to provide precise values .
for the functional equations above, one has a grasp of "flow fields." If the con-
dition parameters, py T and py as well as the flow speed vector components u, v,
and W do not vary with changes in time, ¥., themn:

8p BT By BRIV B
8’ ar’ 8r :0c) B Br

are 21l equal to zero, and this is called a "steady flow field."” (nly when one has
appropriate values for flight altitude, H, flight Mach number, M, rotation speed, s.
air intake, G, and jet fuel quantity, Gg, so that they are stable and wnchanging,
without fluctuations, and thers is stable combustion, can cne cmsider there to be
a stable flow field within and outside the flame tubes,

“hen condition parameters and flow speed vary with changes in one coordinate,
thiz is called a gingle—element stable flow field; when ccnditiom varameters and
flow steed vary with changes in two coordinates, this is called a two-element stable
flow {ield; and, when condition ~armeters and flow speed vary with changes in
three cocrdinates, this is called a three-element stable Zlow field,

Suvvnose there were no viscosity shear forces between micre-masses of 253
then, luring movements of the micrc-masses of gas there would only be deformation
disrlacement; there would be no rotational movement; this is called "non-rot-
ational iisplacement, that is, it depends only on the "pressure gradient" to pro-
duce flcw speed, If one takes *the material particle roints for the micro-masses
of gas in a stable flow field and commects them together to form a line, this line
is called the "flow line," The special characteristics of "flow lines" are as
follows: the speed vector, V, of material vartiele points correspmd everywhere
“o the flow lines; two flow lines cannot cross each other; ‘hsre is no cross
flow speed, *herefore, micro-masses 2f zas cannot cut across Tlow lines; the Aif-
fusion and exchange of momentum, mass and energy between flow line and flow line
must depend on molecular motiony +the rarity or demsity of the intervals between
flow lines represents the amownt of flow passing through each unit cross section
perpendicular to the lines of flow, that is to say, the size of the “density of
flow", ' (14 '_

In a two=element stable flow field produced in a wind tunnel, it is possible to
obgerve a smoke-marked flow line curling around an obstacle, Except for the "tail
flow™ area, the shape of the flow line and the interval between it and other flow

11




lines remain almost stable and wnchanging,

In a flow fleld without a rotational value, draw 2 get of closed lines, Frem
the various points on these lines, extend gseveral boundary flow lines to form a
boundary wall called a "flow tube, " Obviously, the gases flowing ingide and outside
the flow tube cannot penetrate its sides, This principle is constantly utilized
in the desizning of the gas flow vassages of turbine jets, that is to say, the ot
"houndary flow lines" of the sides of the flov +ute are taken to represent the
shave of the inside walls of the passages involved. For example, the pressure in-
sensificatim arrarmius, stc., cn the intake of “he ncnoustion chambers of turbine
jet engines on test firing beds,

In reality, there are viscosity shear forces between micro-~masses of gase.
During the movement of micro-masses of gas, there are not only ceformation displac-
ements, but also rotations and pulsaticns. "S-im13" are nothing but the violent
rotation of micro-masses of gas, also called "vortical masses." Two times the
sngnlar velocity of roiatiom of the "vortical maszes"y 2w is called "curl.,”

Tlow fields in which larse and small vorticel masses roll over and over each other

ard ™ulsate are called "furbulance flew IlaTdz.” Thishulznce flow TizldsT are
angtatle Slow Tialds, therefore, (% i3 now woriitl: T odiTaw ol ramliar flow lines.
kel
~ - . “ 3 N . < - o
Towevar, Sollowing the staddeed wrezging TITaldn oL "molecular moticn theory”,

i& one does not follow the progress of iniividual "vertical masses", tut only
obsemves the "averzse time" parameter for large numbers of "vortical masses" as
they flow pest specific points in a turtulence flcw fi2ld, it becomes vossible to
obtain what is called an "average time par-meter."™ The instentaneous narametaT =
the average time parameter + the pulsaticn tarcmever. Symbolically speaking, if
one adds a horizenial line to represent am av-rzge time value and a comma shave
in the upper right to denote a pulsation value, then, it is possible to write:

p=pr+s - u=~a-+u

r=7+T1 v=v4+V
p=p+p W tw

In the laboratory, it is possible to explore flow fields using regular instru-
ment pickups like pitot tubes, thermo-courles, etc, ; because the pick-ups have

large inertias, the measurements from them are only of average pressures,p, during
a given time, of average temperatures, T, Auring a given time, and of average flow




.shorten combusticn time and shorten flame length.

T W

speed, ?o , during a given time; for pulsation parameters, it is possible to use
pick-ups with small inertias in order to measure the "pulsation wave shape'.
Sveaking in terms of these average time parameters, "turbulence flow fields" can
also have average time stable states and average time flow lines,

The special characteristics of the tumbling and pulsating of vortical masses
in turbulence flow fields are as follows: the diffusion and exchange of mass, mom~
entum and energy between vortical masses is particularly fast—efrom ten times to
several hudred times faster than the exchange and diffusicn accounted for by "mol=-
ecular motion.," The use of eddy current apraratus and stabilizing apraratus in
combustion chambers is nothing but an attempt to utilize the particularly high
speeds of mixing amd Aiffusion which exist in turbulence flow fields in order to

Sec 4 Jet Forms in Combtustimn Chambers of Turbine Jet “ngines

It does not matter what type of structure a combustion chamber has; its air
flow distribution and flow field structure must be able to satisfy the following
conditions: mixing of fuel and air must be even; ignition must be fast; com~-
bustion must be stable; flames must be short; and the combustion chamber must put
out exhaugt gnses within a certain limited range of evenly high temperatures. To
meet these conditions one must utilize the differential between the inside and out-
side static pressures of flame tubes or the impulse pressure of intake gases as
they flow through the eddy current apraratus, large apertures, =mall apertures,
cracks, ducts, jet nogzles, etc and enter into the jet flow in order to control
the flow field structure, A jet is a current which passes through a jet nozzle
from one space into another space, This second space is filled with either sta=
tionary or moving gases, This current may have the same composition and temper-
ture as the gases around it, or it may be combosed of different elements at a
different temperature; however, on all surfaces at which the boundaries of the jet
contact the surrounding enviromment, the static pressures are the same, Depending
on the form of the jet nozzle and the current, jets in combustion chambers can be
divided as followas

= Flat mouth, two-element jets, as in long, narrow intermixings of zases
= Round aperture, three-element jets, as found in the cooling apertures
of the main combustion area .
- Ring mouth, spiral jets, as found in the eddy current apraratus :
13
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= Narrow crzck, half-jets that hug wall surfaces, as found in cooling

gas films
- Vapor cones shot out by the small apertures of straight fuel spray

nozzles
- Hollow vapor cones shot out by the ring nozzles of centrifugal jets
- Fuel and air, dual-state rotational jets shot out by meumatic jet
nozzles
= Dual-state jets out out by vaporization tubes, which, then, collide

with sheild »lates to form radial jets and vortices.

“hen cracks form in the walls of the tubes formed along the flow lines, fan=

shared jets are spewed ocut across the main direction of flow and are washed away

by the main flow to form 2 eurtain of zasy the r=flux are~ behind this gas curtain

iz able to stabilire flames and is called an aerodynamic stabilizer, i
A1l the various tvpes of flame stabilizers used in afterbumers are blunt |

otstacles and form reflux areas in their wakes, These wakes and jet fields have

2nalogous locations,

.: Mg 1.2 g
“ 1. Combustion Chamber with Double~cavity Flame Tube and Parallel Flow Difusion Flume P
2, Fuel Feed Passageway f 3, Disturbed Flow lattice Smooths Out and Rectifies Air :‘
2 Flow 4, Outer Skin 5, Pressure Intensification Apparatus 6, Jet Plume 7, Double- ]

Cavity Flame Tube o]
b

Two jets can flow parallel to each other; <they can flow across each other in s “ i
pervendicular way; they can simply intersect each other, or, they can directly col-
lide, TIn areas in which neighboring Jets came into contact with each other, there
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are sudden changes in flow speed; this produces shear layers ( mixing layers),

Pigure 1,2 shows a combustion chamber with parallel flow jets within a dou=
ble cavity flame tube with a turbulence flow diffusion plume, Almg the circume
ference of the fuel feed vassageways there are two sets of numerous fuel jet noz-
zles which put out numerous vapor cones, The air intake, Go’ divides to become
three layers; the first layer is ailr for the main combustion area; Gi'; the second
layer is the air for the sunrlementary combustion area, ’1-2, and the third layer
is the ajr that goes to cocling, ’}.5; in tum, “his air is supplied to the double=
cavity flame tubes through small holes in the walls, The jets from the small
holes and the main current together form a cross current curved jet,_ The fuel
vapor evaporateS and is diffused into *l':he surrounding cross currents; the sur=
rounding air disverses in the directions of the cross currents of the vapor cones;
upon ignition, these become blowtorch-like plumes with length = L. The flcw
structure is simple; however, when the combustion chamber is relatively laong,
it Ttecomes rather clumsy,

Figure 1,3 shows the flow field structure for “he cavity of a flame ftube with
a2 fuel dispersion plate, “he air intake, Go’ divides itself into three currents,
Cne current of air, G1, follows the spiral flow lines from the time they advance
on the air plate and bore through the holes with the three..fish-se¢ale flaps =
into the forward portion of the flame tube cavity; these lines then mate up with
the vortical flow which is induced by the fuel disversion nlate. A second current
of air, ’52, passes through the hollow nozzle guide vazne and, from there, enters
the four round holes at the end of *he gas coe where it is blown into ‘he forward
portion of the flame tube. The jets from these holes merge, push together and
expand the radius of the vortex, Rv’ Mixed and cooled, the third current of air, G3’

enters the rear vortion of the cavity by following the rectangular air mix cowling
which is arranged around the girth of the flame tute. Zecause the vortex induces an
attrictive forcey the jet, G,y which enters the cowling, is sub=divided again into
two currents; one curremnt is drawn forward into the vortex, and cne current is
drawn backward almost to the root of the nozzle guide vane. The jets from the three
fish-scale holes in the forward gas plate flow smoothly, change directin and merge
to become an intense spiral jet, appropriate for use by the eddy current apparatus.
The jets from the four round apertures in the after gas plate merge to become jets
with a fixed directiong these jets mate up with vortices to form ignition sources
and to function as flame stabilizers, The cross currents that enter from the rectangular
cowling divide to form bramch jets; they pass through the flames and aid the functims
of mixing and cooling, The half jets that enter from the air film cooling cracks
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and stick to the walls protect the flame tube and the side walls of the after gas
cone, The aerodynamic structure of this tyve of combustion chamber is relatively
complex, and combustion in an undesigned state is difficult to stabilize; however,
with a compact design, the length to radius ratis of combustion chambers can be made
relatively small, and their weights can be made light,

One can study the flow fields of jets independently, from the points of view of

_nozzle size, shape and location,

Jec 53 Test Productim “ethods for Ceombustion Chambers of Turtine Jets

(1) Componemt Testing Methods:

With refarence to the structure of various tyves of combustion chambers, we
ngo~riinataed 3electicn tlans wiih cfher components. lecording *o the various nrin-
cizal dimensicns in the estimates of the unified, stable flow field required by
>per2iimal cenditionsy we combined sur experiences and made deciszions for the dese
ien of test production originals of commonemts, Iarge numbers of tests were run on
compenents én test stands and in high altitude chambers., We made improvements to
the design over and over again, and we tested over and c;ver again until the capabe
ilities of the combustion chamber measured up to the required standards, then, we
reagcembled the whole mechaniam in order to make tests to see that the components
mated together proverly. In recent years, turbo-fans have already developed to‘the
roint where air flow quantities, G > 400; in the case of turbine jets, G > 100
(kg/s)s overall combustion chamber intake vressures, -15:;’-'.’. 30 atmospheres, and
temperatures, ’f:as 900K, The use of components in orig:i_.na.l dimensions for making
+asts requires ;ery large sources of air flow and pre-=heating equirment as well as
instrumentation for detection, testing and recording as well as the procecsing of
data,

(2) S3imulation Testing Methods:

So%LTad

In employing simulation testing methods, first, set out the set ofjdifferential
equations which apply to the flow field of the combustion chamber in question, Ac-
cording to "equivalence theory", that is, the idea that, if the original form of a
flow field and its simulated form are geocmetrically equivalent, if the flow condi=-
tions of the two are equivalent, and if bvoth their motive forces and their heat
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3t tes are equialent, then, “ov-r "orinai=lng Af sanivalence® ran he derived freom

ihe differential equations, 7or examrle, -he “~ymalds ‘:ber, Re = 71/,; -he }ach
the spirzl density

number, M = 7V/a; the special Prandtl number, Ir = .cp/d 3
number Sc = w/D, etce 7 = “low speed; L = pas 'ge diameterj a = the speed
of soundj ¢ = isostatic specific heat; i = rate of thermal conductivity; m = dyn-
amic viscosity; » = kinetic viscosity, D = coefficient of diffusim. Whether cne
makes a reduced scale model of the flow fields in question or cuts out a sector of
the original, on the test bed during expverimentation, the simulatiomns of the orige
inal operational configuaration maintained the "principles of equivalence" through-
out, The scale of this type of test equipment is relatively small; <the number of




revetitions of experiments required is also somewhat r-duced., It is also possible to
uge these sirmlatim techmiques to study some striking phenomenon, For examples

-Flow simulation testing of g2s mixture bubbles, It is possible to observe the
configuration of the turbulent flow on the inside and the cutside of transparent
models in order to aid in the analysis of the geometrical configuration and air flow
istribution of combustion chambers so as to determine whether they are satisfac~
tory or not,

=The injecticn of helinm gas into the vortical reflux ares, Simulations with
vagor Tuels 1iffuse the mixing nrocess, 'hen one axtracts a samvle of the gases
involved and analyses them using a chromatagraph, it is vossible to determine the
distribution of concentration,

“he "princizles of eguivalence" of combustion flow fields can reach more than
ten in number., During testing it is not vossible to simulate an perfect equivalent
of the orerational configuratién and flow field structure of the original form,
Therefore, the results of simulation testing have linitations. For examplet when
one extracts a flame tube from a cannular combustion chamber and conducts combustiom
tests with it in a laboratory air channel, one discovers that the ignition ringe,
the combustion efficiency, the overall vressure losses and the exhaust nozzle tamp—
erature field all fi% expectations and satisfy requirements, D = the diameter of
the flame tube, Maintaining the principles of ecuivalence, the following mast be irue,

K--_._c__._
PTrD
“hen this is compared with the capabilities as measured with the original combustion
chamber complete and on a test bed, one finds that the reality is not necessarily
satisfactory, The stmdard value of K is arvived at from the rate of chemical reacs
tion and the zas mass stop-over reriocd; it Aces not take into consideration the "flew
field structures" of the intake, the interior and the extermal surroundings of the
flame tube, The flow field structures and turbtulent flow configurations for the
interior and exterior of the flame tube are dissimilar as to the values obtained in
the laboratory air channel and those obtdined when the complete chamber was on a
test bed; the air flow distributions were also dissimilar,

(3) Numerical Calculation Methods:

Physical modelingt The flow fields of combustion chambers are relatively cam-
7lex, The reasans for this jnclude the fact that gases are compressible, that they
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have viscosity, that flow fields have turbulence flow vortical bodies which diffuse
and exchange mass, momentum and emergy, that they have chemical reactioms which
change a variety of the canstituents of the gases involved, that they have different
size fuel droplets which vaporize in the flow and change the local concentrations;
the gases involved exchange heat by radiatim and convection with the walls of the
flame tube; moreover, this is a three—element stable flow field, It is very dif-
ficult to scrt nut the equations for the mitnally interacting influences of 2ll
the rhysieal nd chemical processes going on, Therefore, it is necessary, on the
b23is of fre 3uruciural form of the combustion chamber, its operational configur-
ation, its initinl conditions and boundary conditions, to divide up the flow field
and treat its various pieces differently, Axisyni:e'!tric flow fields can be simplified
into a two=elememt flow field on a meridian suxf-ce, Using average time varameters,
1% iz poscible to detearmine that it is a stable £low field when averaged over time.
’hen cne uses vaporization tubes or vapor fuels, it is possible to leave out of
censideratim the influence of fuel droplet vaporizatimmn. Assuming that combustio-n
is the mixing together of two types of gases, it is possible to reduce the number
of types of gases involved, Assuming a turbulent flow state model, it is possible
to initially determine the coefficient of diffusion for mass, momentum and energy.
The object of physical modeling is to highlight important contradictions, to ex=
tract the regularities goveming changes, and, finally, to analyse the flow field
structure of the combustion chamber in question,

Mathematical modeling: Dased on the independent variables chosen for vhy=-
sical modeling (coordinates x, y, 2z ; time, r ) and the dependent variables ¢
! flow speed, concentratio, temperature, oressure, etc) as well 3s on the prin-
ciples of the conservation of mass, -omentum and energy, if one uses the equaticns
of Newtonian viscosity shear stresses, the equations of Fei Ke for the diffusion of
matter and the enmations of Fu Ii-ye for rmies of thermal canductance, it is vos-

sible to work aut *he continuity equaticns, certain averzzed time equations as
W4ell as emergy equatians /,and so on. “hese 2quations constitute 2 set of nm=lin-
ear, second degrze, non-homogeneous partial differential equations, =xcept under
special circumstances, this set of partial differential equations is very difficult
to figure out from a theoretical voint of view,

Difference equations: The set of partial differential equations discussed
above represents a set of related equatims in which dependent variables, ', i
follow, in some manner, independent changes which are initroduced sepg'rately into
an independent variable, If cne divides flow fields up into logical sections
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in the form of a fine grid rattem, then, this grid pattem will have on it many
"nodes." The values for the dependent variables; ®? ', as well as the derived first
and second degree functions of the stresses involved will be different., Using the
dist-nce between two neighboring nodes, which is called the "step length," e
replaces dx, 4y, dz and ¥ with 4x, Ay, Az and ., Ar in the set of equatiomss

dy, dz, dr; ‘4""‘; d’¢/ds* likewise can be computed. In this way one one
changes ‘the original set of differential eamations into a set of "limited 4if-
farence" "algebrzic equati-ns' which can also be called a set of "difference equa=-
tions.

Compu‘her programing: Using computer language, take the operational nrocedure
for soking Aot:{:srof differential equations, and use it to write the nrogramg then,
tut in the computer, If one has made the model of the flow field correctly and !

wriiten the pnrogr-m correctly, then, in ten seconds to several minutes, the come

sutar i1l Tive you a ~rint-ent of the structure of the flow field,




Chapter 2 Combustion Chamber Intry Diffusers

Sec 1 Diffuser Ferformance Requirements

As far as the subsonic portions of the entry vassages of turbine jets are con-
camed, hoth the area in front of the entrr to the main combustion chamber and the
ar-a in front of the entxy +to the after bumer combusticn chamber must have a dif-

“ha 4iffuser for the mnain

1y

Tremaxr %o reduce aresd nd Ingre-~3e nraztuce, .3 far as
combustion chamber is concermned, the requirements are as follows:

(1) It must toke the air flow speed coming out of the compressors, i.e.,
Ty= 120200 (m/=), M= C.1=0,%, and reduce them mtil the values in front of the
ntry to the “ombusticn chanber are T, = 20-60 (n/s)y M.= 0.1=0.2; a% the same
“ime, the diffuser must :’.nc:-eas? the static pressure of_the air flow so that Pr>Pye
iz will insure *hat <he main ‘cf;r.bustien aTea allows for =7~y imiticon and siable
comtusticn,

{2} The ovemll pressure recovary coeficient of the diffusers, “_‘f'?;../i“..f is
2%t its maximum which is the same as saving that the over2ll pressure loss,AT"‘:
must be minimized,

(3) In order to rrevent bowndary layer separa.t:‘:cn on the inmer walls, the
exbaust flow speed distribution must be made as uniform as possible in order to
Suard against a shift towamd a2 pulsating zas flow which will interfemswith the

1iztribution of the amount of flow and the fi~w field structure in the flame tubes

‘mder diflerent tyres of ove-ational confisurations.-
Sec 2 Total Pressure losses in Diffusers

There are two r=»2sons for a loss of overall =»regsure ‘uring the nrocess of
Aiffusin: ooundary layer separation and surface friction. ig 2,1 (2) is a
chart of the flow lines in a diffuser passage shaved like a conic section; [ig.
2,1 (b) shows local boundary layer separations which have given rise to spiral
turtulence. 3ecause of the viscosity of the gas, the speed of the flow line s-x,
which sticks close to the surface of the wall, has the value, u = O, The flow
speed of the flow line, n, along the wall gets larger the closer it comes to the
main flow until, when it reaches the place where the thickness of the boundary

layer is %, the flow speed has already apnroached the flow speed of the main
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flow, u = 0.99‘6. Yithin the boundary layer, the laminar speefs, u, along n are dis-
tributed according to fixed laws, There is a direct ratio ( du/dn ) between the
stress caused by the viscous friction between two layers of gas which are flowing at
differemt —ates of speed, ry and the gradient of the changes in flow sreed which

exists between two such layers:
v 20 N/ .0
On

# is *he "Iymamic vizeosity" af 2 ms, The mzineerins mit s (%ze s/mg); the
physical wnit is (N s/m?). #/0 ) = v, 2nd this is called "kinetic viscosity™;
the unit for this quantity is (m°/s). Gases are the exact oprosite of liquids in
the resvect that incrsases in the viscosity of a fac follow increases in the tempe
emture of the gas, Tor =vamnle, between 20%% and 100°C, the value of ‘s for
water drops from 1,03x10™% o 0.28x10-4(kgo s/mg); in the same tempgrzvture range,
the value of . for air actually increases from 1,°%x1070 3 2,220 (5 e s/m?).
In the diffusion passage, gas can only flow by overcoming the pressure boost
gradient ( ap/a; Je The mass of the micro-masses of gas must have sufficiant
momentum, mu, to overcome the visecous drag, f=xDi-z 3 only then can it
flowe D = the intemal diameter of the tube; [:= the length of the tube. In
the boundary layers, the closer ane gets to the surface cf the walls “he lower
are the values for the flow speed, u, Imagine, in Fig 2,1 {(b), that, ~hen the

D, !_———I;—-f;-!b.
A > C' 4
i)
M,

"t
M .
[ ‘T:,:— i::
¥ P:
7T [¢
' L.,g__.}ixl- =
. . '
2.1 YERARBREZSK
Fig 2,1

1 Diffusion Passage and Boundary layer Separation 2, Main Flow

static pressure isg sufficiently high, and the flow speed gradient ( 9u/ds . ) reaches
the place vhere it equals O3 +then, the layer of gas that sticks to the wall will
be unable to flow, and it will begin to separate from the surface of the wall at
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point 8, It is not permissible that there should be a vacuum between the separated
flow and the surface of the wall, 3Because of this, the Zas which flows down against
the current and fills in the vacuum creates a negative flow speed gradient along
flow line, miy = 1(3u/3%) |, The counter—current is erroded and overcome by the sep-
arated air current and tumed so that it flows with the main current, creating a
vortical 'mrbulence flow, This vortical air mass svirals at high speed consuming

enersy. Beca.use of this there is a loss in overall pressure:

(8P*), = cb-’;— ai(1- —”u—i) ,

o does not change, so

(AP%), = "”' o (1 - F, ' (2.2)

o J':( called the "coefficient of expansim" and is related to the angle ¢f exransicn
29, Conceming equal cross sections of a siraizht tube, where A1= A2, there is no
expansion; 20 = 03 there is no reduction in speed or increase in pressure; there
is no separationy ¢ =0, If 20 = 180°, suddenly there is expension; suddenly
there is reductian in speed and separation; ¢ = 1, Fig 2,2 draws out the curve
dascribed by the values of '¢'y the coefficient of expansim, as they vary with
changes in the angle of expansion, 204 these values reflect canditions in a conic
sectin~-type diffuser, '/hen :26i= 60°, ‘¢ can be 1,2, This is due to the fact that
ther~ is sevaration of the boundory layers all along the walls of the diffusion
passage; moreover, this is accompanied by periodic pulsations; in this situation
tna sver-11 prescure i3 3%ill large compared to losses from sudden diffusion, ~fter
tve apn~le of exransim, 20, me~ches the point where it is = 40°, it is better not
+o use a straight tube for sudden diffusion and the reduction of speed; however, the -
use of such a tube does lessen the losses due to separation.

“/hen the air flow overcomes the frictiondrag of the inside walls of the diffuser,
T there is an accompanying loss of overall pressure, ' (AP')f. e The losses in
overall pressure from frictiondrag are defined by the following equation

apy =gt 2,0 D= BEDy "G

'
]




§/ is called the "coefficient of frictiom drag;" it is a func*ion of the degree of
rougmess of the wall surfaces and the Reynolds number of the intake as defined by
the equation below

" Re - 80
1 4

2300<Re < 10, 5 == 0.3164 Re®  (2.4)

Re s 10° LUE, g, = 0.0032 + 0.221Re™™  (2.5)

Zxperimentation proves that, when the inside walls are smo~th, Re > 107, & 0,004 ‘

and there is almost no change.
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Fig 2,2
Curve Defined by Changes in the "Coefficient of @xpansion”, ¥V, for a Conic 3ec=

< e

+imn-type Diffuser

There are two types of overall pressure losses that must be figured together when
they are defined by the following equations:

~po s .

dealing with diffusers;

e A e SN L

-

! AP* = (AP*), + (aP*), = Bi(1 =), (2.6)

!

£
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Sec 3 Coefficient of Total Diffuser Pressure Losses

It is nossible to use different values of the angle of exransion, 2614 in cone
ducting wind tunnel-type experiments, In such experiments, the area to be studied is
divided into parts and roving measurements are taken of the total pressures at var-
ious roints on the cross sections of the intake and exhaust; on the basis of the dis-
sritution of the amount of flow pud! A or momemtum pu'dd , it is possible to obtain
the weighted average icial =ra2s3sures '1-’* and 3: y “hat ‘s *o say, it is zossidle

o determine a precise value for total pressure loss, AP -T - .; 3 therefore,
it is possible to precisely determine the total pressure recovery coeff:.cimt.
Aerodynamic caleulations habitually take the fotal nressure lors: A.P to be severa

times the immact head or kinetic nressure of the intake, q this is

—1 .
‘Etp.a” ’

rallad che coefficiont of tot»1 nressure loss ( or, flow d=ag coef-icient) §5
using the speed of sound, a*=4p/p , it is possible to write:

o=k a2’ § q _I_Pﬁg X,
- (=) Q@
R vt
2 oM
2 ¥(5)

i - g4 — 2 ag), (28)
if one makes =183 77, or uses coefficients of speed

5A, (2.9

Ay ',d 1-
C

it is possible to me~sure t»2 ratio between the static pressure and the totzal nres-
sure in the intake, *(4), wnd determine Wi orM,, ‘e already knew 0.: so we
can simply substitute it into the calculation, Not even considering the diffuser,

e —

e,

el o’




it is possible, using the values we already know for M, and 24: o consult Fig 2.3(a)
and obtain the coefficient of total nressure loss,.§ , for an incompressible gas flow,

If one is considering the crosa section of a rectanqular diffuser, use Fig 2,3 (¢);
adjusted for the influence of compressibility, &= §K.
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0 for a Conic Section-type Ziffuser as it Varies '/ith Changes in 1*11 and 2 6
2. Rectangular Diffuser 3, Conit Sectiom-tyve Diffuser 4. Correction Factor
5S¢ Sugdem Diffusion

s

1, ¢

In the case of a ring cavity diffuser, it is first necessary to make substitutions ,
so that it can be treated as an equivalent comie section-type diffuser; only then
can one apply equation 2,2 or use Mg 2,3, If ome has chosen a "turdine jot" dese
i plan, one has already estimated the dimensions of +he outline of the engine,

and one already knows the exterior diametexrs, 51 and D.z. for the intake and exhaust




o ' ‘

of the ring cavity diffuser as well as their interior diameters, 4 and s and
length 1 thm,

~ The area of the intake of the ring cavity is A.—i:-(b'f-?.),

-« The length of the circumference is L ~x(D.+d);
- ™e are2 of the evhangt of the ring cavity is A,—-:-(ﬁi“z’z):
- "he leng*h of the cireunference is L, = x(D, + d1);

= The int2ke Aiameter »f the equivalent conic sectionetyve

dif uger is D, = 4
L,

]

- The exhaust diameter is D, = 4_'?_1_:';
2L

- The angle of exmansian for the equivalent conic section is

go=TPianzrn (210)
=" i

Se¢ 4., Design Metheds for Interior “ialls of Diffusers

The shorter is the length ! of she diff‘user‘ the better it is, "“hen cne fig-
¢ ures out the angle of exransion, 28, by substituing in equation (2,10), it tums
out to be gquite large. In oxder ‘o r»reven®t bownd:ry layer semaraticn and to r~duce
|- losses in overall rressure, one must always employ the ~rincinle of "equal rres-
k‘ sure gradients” in the design of the shape of the interior walls of diffusers,

; The design procedure ig as follows:
(1) Data which is already known: intake area, A1; quantity of gas flow, Gj
overall temperature, T ‘* overall pressure, T"; Mach m - rer, M1, or speed coef-
ficient, 2,.; area exmnsion ratio, 2/A1; and length, ~

(2) Mgure out D1 and D2, and figure out the angle of expansion, 20., using
equation (2,10),

(3) Consult Fig 2,3 (a) and (c) m the basis of the values of M, 2nd .26, and




(3) (cant'd) after the introduction of arrropriate correcticns, the coefficient

of total pressures 10SS, 5-;01{"’

() Using eaquation (é.? ) or (2.9), first calculate the coefficient of total
- i . -ttt L b
nressuTe TecoveIy, 7.2nd B, =0’ Pl
(5) According to the continuity equation of flow amount:

G = 0.396 P14 o o 396 744UDPE 1109
T T
an

Becauseiis is an adiabatic ae~odimamic p—ocess, the overall temperature along the

o=
air na2l does not change, thot is, ‘1‘1 = therefores

A
q(1:) = q() o'—AL,’

[
(<]

te
P

mg ot precire value for a( A .,), check out the charts and 3ot vnlues
- -4
and'»)- (2.12)

Jased on the values obtained for '~ ( A 1) and. »¢( X 2):

- In*-%» static -ressure is pr = Pix(1) (2.13)
- Tvhaust static nressure is p2 = Pix(iy) (2.14)
- The static pressure at x is  p, = Pix(1,) (2.15)

Jetermine the lenzthy ! , of the diffusexr 2long *he horizential or x cooxdi-
n oy using the scale. =rirst, assume that the total pressure, ‘13: falls from
F along a straight line, x. (Fig 2,4) Calculating in this way, zny possib-

4 one might deviate on the low side can be overcome later by correctims,

Jraw out the equal pressure gradient

%‘L - %‘l - ZJ_;'_& = g = constant straight line 5, w fr + pu.. (2.16)

Since we already know the air flow quantity, G, make use of the aero=

Y




dynamic functions:

’(a.') Y(,'t)’ =z 0(39.6 JT‘ ,~ /’ P "f.’

X2 ey (L,) =m \/ ry - c s
paxriy(,) ..__.L“% ﬂ Chatrrnd

CmGVTT v = constant Qa7
0.396 =

3

‘, (10) From g .4 ane can get values for P and p,; in order o obtain
= (A x)’ zet values for l., and y(kx), r-ubst:.tute them into equation (2,17),
and figurs out T, and the cross section, Ax = =y,

(1) on the basis of this value of