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CALCULATION OF MINIMUM ENTRY HEAT TRANSFER SHAPE
OF A SPACE VEHICLE

Zhou Qi cheng

ABSTRACT

This paper dealt with the study of the minimum total
heat transfer aerodynamic shape problem for a re-entry
spacecraft. In this paper, the well known boundary layer
heat transfer relation was used first to derive the
expressions of the total heat flow rate on the surface of
the spacecraft and the total heat added during the entire
re-entry process. Then, with the ald of some numerical
results, the flow field and the Prandtl-Meyer expansion
theory, the minimum re-entry heat transfer shape under
specified fineness ratio and total vehicle weight conditions
could be obtalned using a variational method. Finally,
the effect of the drag coefficient on the minimum re-entry
heat transfer shape was analyzed. The calculated results
indicated that: For a given total vehicle weight and spe-
cified fineness ratlo, the total heat transfer decreased
with 1increasing drag coefficient. The minimum re-entry heat
transfer shape 1s a cylinder with a flat nose.

I. INTRODUCTION

The rational sectlon of the aerodynamic shape of the re-entry
vehicle to reduce the heating due to surface convection to the maximum
extent possible 1s very meaningful to the design of either retrievable
satellites or missile warheads. It not only can effectively reduce
the welght of the re-entry heat protection layer to improve the
effective payload of the vehicle, but also 1s helpful in improving
the accuracy of the calculatlion of the aerodynamic coefficlients to
improve the target hitting rate. Therefore, in recent years, many

This paper was received Sept. 24, 1981
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researchers and engineering technical personnel are concerned about

thils problem. This paper involved the study of the minimum heat
transfer aerodynamic shape problem of a re-entry vehicle on the basis
of the design of a retrievable satellite. 1In order to simplify the
problem, we assumed that during the re-entry flight process the
geometrical shape of the vehicle remained unchanged. The geometrical
slope of the surface of the objJect 1s greater or equal to zero.

References [1,2] studied the minimum heat flow rate shape with
a specified fineness ratio when the flight Mach number remained un-
changed under the assumption of Newtonian pressure. Reference [3]
extended the problem to the entire re-entry flight and discovered

that for a given trajectory coefficient Al')and a specified fineness
ratio, the minimum heat transfer shape **"is tbe minimum heat flow
rate shape. Reference [4] applied the numerical values of inviscid
flow to the problem discussed in [3]. The accuracy of the calculation
of the minimum heat transfer shape was greatly improved. The minimum
heat transfer shape (which 1is also the minimum heat flow rate shape)
under laminar and turbulent flow conditions for a given trajectory
coefficient obtained in that paper was a rotating body with a flat
nose. The angles of inclination at the tip and the surface were
about 20° and 17°, respectively. In [5], the actual requirement of

an effective volume 1in the vehicle was taken into account during the
engineering design. Therefore, the work carried out in [3,4] was fur-
ther extended. The minimum heat transfer shape of a re-entry flight
vehicle in laminar and turbulent flow condition with a given trajec-
tory coefficlent, a specified fineness ratio and a specified effective
volume was calculated. Furthermore, the analytical expression of the
minimum heat transfer shape under laminar flow condition with a speci-
fied trajectory coefficlent and a specified effective volume (no
requirement was needed for the fineness ratio) was obtained. The
above references did not involve the effect of the variation of drag
coefficient on the minimum heét transfer shape.

In the actual englneering design, people frequently wanted to

know the shape of the minimum re-entry heat transfer under a given
total weight and a specified fineness ratio. Because the re-entry
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trajectory coefficient is an important parameter influencing the
re-entry flight, the variation of drag coefficient will directly
vary the trajectory coefficient. Consequently, the total added heat
to re-entry wlll be affected. Therefore, in the optimization of the
aerodynamic shape, 1t 1is necessary to analyze the effect of the drag
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coefficient of the re-entry body on the re-entry beat. The study of
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. whether the minimum heat flow rate shape is still the minimum re-entry
e heat transfer shape 1s very important. The purpose of this paper 1is

to find the minimum re-entry heat transfer shape with specified fine-

3
»

ness ratio and total vehicle weight.
II. PRESENTATION OF THE PROBLEM

The commonly adopted LEES laminar flow heat transfer theory [6]
and VAGLIO-LAURIN turbulent flow heat transfer theory [7] are used

to calculate the surface heat flow rate of the re-entry vehicle

S

Pelpey 2Tl ds

where
{0.0332P,""g(1-H./H,) laminar flow
"‘

0.0296P,™**g(1—-H /H,) ‘turbulent fiow
P, u, u and H represent the density, tangential velocity, viscosity
coefficlent and enthalpy of the flow, respectively

(Pe=p./Pes8e=u,// THT, Be=#e/Bd 4y and s represent the dimensionless
abscissa of the vehicle shape and the arc length along the surface,

i respectively (y=Y/Rs,8=S/ R,) , where Ry 1s the radius of the base.
- Pr is the Prandtl number and g 1s the gravitational acceleration.

:“:: The subscripts e, o and w represent the values at the outer fringe,

éi stationary point, and the wall of the boundary layer, respectively.
e n = 2 represents laminar flow and n = 5 represents turbulent flow.

o By introducing the following symbol

:- '-’0.0’0’ =1

Ei and integrating the heat flow rate along the surface of the flight

o vehicle, we can obtalin the total heat flow rate on the surface of the
"

5- flight vehicle as
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; It 1is commonly known that the stationary point heat flow

:“ rate is related to the radius of curvature of the object at the

ii stationary point. The magnitude of the heat flow rate increases or
. decreases with increasing or decreasing radius of curvature. There-

- fore, it 1s reasonable to believe that the minimum heat transfer

F; shape is composed of a flat nose and a rear body part [1,4]. Hence,

- by using the 1soenthalpy relation and the viscosity exponent law,

we can express the integral in the above equatlon as

1= ddemp M| 1+[ F(P,2,9)d5)

where

F(P,2,y)=P'(1—P¥)ss (1421)%y =1

M= e+

e 1+ (P=Do
v

- -1
=5

Y 1s the specific heat of alr, w is the viscosity exponent, ¥y, is
the height of the flat nose, M  is the flight Mach number and P is
the pressure coefficient which 1is defined as P-T’ t-“!i x 1s the

dimensionless ordlnate of the flight vehicle shape , if , and Il
2

is the integral on the flat nose.

. .

Iu-J'. P'(I—P.‘)My r=14y
If we assume that the sonic point 1s located at the intersection of
the flat nose and the rear body, then it is possible to complete this
integration by using the simplified integral relation [8] or an inviscid
flow numerical value. Therefore, it 1s a known constant. We can
- rewrite it as -
(2] 14

"'(v+x oy oF

;! where J» 1s a known constant and its value differs for laminar flow
' and turbulent flow.
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Based on the differential correlation between the total heat
flow rate Q and the total re-entry heat Q

O-j 0dt=— (" o—.u.

and the CHAPMAN [9] trajectory approximation which is applicable to
trajectories with larger variation of the angle of inclination 6

ddh -V.. lllo
we can express the total re-entry flight heat as 1
._
bg
- 'R, CapH
T muarral K B

where V_ 1s the flight speed, b 1s the flight altitude, t is the

flight time and h, isthe upper fringe helight of the dense atmosphere.

E

For an Earth orbit re-entry flight vehicle, aerodynamic heating
primarily occurs durihng the hypersonic flight stage (M.»1) | In an
approximation analysis, 1t can be considered that the pressure coeffi-
cient of the rear body is not related to the Mach number of the
incoming flow (such as the Newtonian theory or the P-M expansion
theory). It is only a function of the geometric position. Therefore,
the integration with respect to ¢ 1n the above formula can be ex-
tracted from the integration with respect to h. Hence, it 1is possible
to use the relationship before and after the normal shock wave, the
isoenthalpic correlation and the CHAPMAN approximation trajectory to
finally simplify the total re-entry heat formula under the condition
that M_»1 as

- ]

where

908 14— ‘
B-j u_ * M) gy

( y+1 M,.);x_—,-

(1+-53 M')( ?z-’:l M"‘_;;L)—’—'—'

P(M.) =y, (M)
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Figure 1. The variation of B with the re-entry angle
and the trajectory coefficient
l--laminar flow; 2--turbulent flow

B is the reciprocal of the density of the atmosphere, and R is the
average radius of the Earth. From [9], we know that the dimension-
less CHAPMAN variables Z and dZ/dU are known functions of the dimen-
sionless velocity U which is only related to the re-entry angle eE.
The functlonal relationship between M_ and U is only related to

M/CDA. Actual computation showed that B is a function of the re-entry
angle. The effect of the trajectory coefficient can be completely
neglected. The detalls are shown in Figure 1. A 1s the reference
area of the drag coefficient CD, M is the mass of the flight vehicle
and Am is a constant. 1Its expression is

-1 -l . -1 40
Ay ':l zl . Cann' . (ﬁR)nﬂ I
-84+l 1, @ 1 - X

xpf R s , sy,
where VE and up are the re-entry velocity and the alr viscosity

coefficient at the initial re-entry altitude.

T 2 so0-ca’ ed minimum heat transfer shape is the geometric shape
with whaer t.. ftotal re-entry heat Q of the flight vehicle surface is
the minimum. If x = x(y) is used to represent the equation of the
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::ﬁ parent line of the minimum heat transfer shape, 1t can be substituted
o into the computational expression of Q derived above as equation (1)
and Q will have the minimum value. Therefore, solving for the min-
imum heat transfer shape under specified fineness ratio and total
vehicle weight can be mathematically reduced to the solving of the
minimum curve of the generalized function I/CD inside the bracket in
(1). That is to find the minimum curve of the following mixed type
generalized function with moving boundary points.
=
T e ) F P )y (2)
Co

I*Cx(y)]1=

where
¥
[ ]

Com 4" Pydy+ «[ Pydy

The first term of the formula represents the contribution of the
flat nose to the drag. It is possible to use the simplified integral
relation [8] to complete this integration. Or, i1t is also possible
to compute it based on the results of the numerical values of an
inviscid flow. The second term represents the contribution of the
rear body to the drag. In order to facilitate the use in the future,
we are rewriting the above formula as

Co=dlpy! +4j' Pydy (3)
where JD is a known constant. .

If 1 1s used to represent the fineness ratio(r#2R,/L), of the
flight vehicle, then the boundary condition can be expressed as

(%)

AR 4 RN N Cion el NS Jd
St et L T L T e
A PN > ‘»‘-.' A . - oe b LA

i z(1 )-t%-

;i Because we did not specify the height of the flat nose Yy it

e is a quantity to be determined. 1In order to have a solution to the
a; variational problem, we must supplement the so-called crossing condi-
a? tion to be satisfled by the minimum curve at x = 0. Its actual form
- is related to the treatment method of the problem.

¢

i' Equations (2), (4) and the crossing condition at x = 0 are the
EEE original equations to solve for the minimum re-entry heat transfer

4 ’
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shape for a specified total vehicle welght and fineness ratio.
IITI. SOLUTION OF THE VARIATIONAL EQUATION

The minlimum heat transfer shape for a given total vehicle weight
M and specified fineness ratio 1 can be found by solving the varia-
tional problem in equations (2) and (4) directly. However, in order
to facilitate the analysis of the effect of the variation of drag
coefficient CD on the minimum heat transfer shape, we chose to use
the following method. It involved the use of a series of properly
chosen specified values of drag coefficients Cod{i=1,2,3) .| Then, the
minimum heat transfer shapes and the total re-entry beats correspond

to these specified values of drag coefficients. Therefore, we
can understand the effect of drag coefficient on the minimum heat
transfer shape and the total heat from this series of calculations.
In the meantime, it 1is not difficult to find the eventually needed
minimum heat transfer shape for a given total weight and a specified
fineness ratio.,

According to our knowledge in the variational method [10], the
minimim re-entry heat transfer shape for a specified drag coefficlent
1s reduced to the solution of the minimum curve for the following
generalized functilon ,

1+ 2
I"[z(y)]-=(—::—i)”lxy. "t —ACo+4dJpy! + 'r Fr*edy (5)
where Al is the Lagrange coefficient yet to be dégermined
F**=F+4APy
The boundary condition is the same as before as shown in equation (4).

The corssing condition 1is
L)

R AL U dF*s |
J‘( P+1 (l+n—1 )"' ”’l""’""(F"_’"?T')y-y.'° (6)

In order to determline the Lagrange coefficient X it 1s necessary

1,
to simultaneously solve for the constraint equation (3) in which the

drag coeffliclient is equal to a specified value. ¢

Up until the present moment, we only assumed that the junction
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Figure 2. The minimum bheat transfer shape for a given
trajectory coefficient (1t = 1.0)
2--laminar flow; 3--turbulent flow; 4--.aminar flow; 5--turbulent
flow; 6--this paper; 7--reference [4]; 8--reference [3]

between the flat nose and the rear body is a sonic point and its
pressure coefficient is not related to the Mach number of the incoming
flow. References [1-3] used the Newtonian theory to calculate the
pressure distribution on the rear body. However, the minimum heat
transfer shape they obtained 1s quite different from the one obtained
in [4] using the inviscid flow numerical solution as a basis. By
taking into account that fact that the variational method requires
that the rear body pressure distribution starting from the sonic
point must be continuous and differentiable, we used the P-M expansion
theory to calculate the rear body pressure distribution in this paper.
Although by doing so it is possible that the numerical value of the
rear body pressure coefficlient might be underestimated, yet in actual
trial computation, it was discovered that the major factors affecting
the minimum heat transfer shape are the pressure distribution on the
flat nose and the pressure variation near the junction between the
flat nose and the rear body. By using the P-M expansion theory, the
pressure variation near the junction can be better reflected. From
Figure 2, we can see that the minimum heat transfer shape for a given
trajectory coefficlent using the P-M expansion theory in this paper
agrees with that obtalned based on the inviscid flow numerical solu-
tion in [4] comparatively well. As can be expected, when the calcul-
ated results converged to approach the minimum curve (later, we will
see that the minimum heat transfer shape is a cylinder with a flat
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nose), the accuracy of the rear body pressure distribution calculated
using the P-M expansion method is improved. 1In addition, we should
also point out that the treatment in this paper is focused on the
study of the variation trend of the target function (i.e., the total
re-entry heat) rather than the numerical value of the target function
itself. The computational error of the rear body pressure distribu-
tion will not cause the variation of the trend of the variation of the
total re-entry heat. Therefore, it 1s believed in this paper that it
is feasible to use the P-M expansion theory to calculate the rear body
pressure distribution as an approximate analysis.

" -y ywpca-ywgw PR R BN I S 4
e A [SEFIEE W
ST . SR
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When we use the P-M method to calculate the pressure on a conical
body, the pressure coefficlent is only related to the local slope dx/dy.
According to our knowledge in the variational method, the Euler equa-
tion of this type of wvariational problem bhas a simple integral:

OF 2P
oz thy5y =C

where C is an integration constant yet to be determined by the bound-

ary condition. The above equation can be integrated once more into
the following form:

et Bl T Dl

. T Tan e | .
TR e . . Le
. P P .

% a’p l.-l
‘Al_“?_ f’(t)
xsj. £ ot y” ds ( )
51 " o —l—l 8’ 7
a—1/()y —4A4" a2

LY '.4.'-" EKS
FCRNCRL I S .‘ . .

TV f(8) -4, 28
YT f(#)—4h = —C

T

- where

2 “+7 oF

g f(#)m—y =70 - T OF

be

e xl and x2 are the slopes of the minimum curve at x = 0 and x = 2/t ¢

respectively. They are both unknown gquantities.

Substituting the correlations of the P-M expansion theory

P=(1-33ie)™
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into the above equation, 1t 1s possible to find the actual computa-
tional expressions forfmﬂvgf' and -%%} through not too complicated
derivations. Therefore, by simultaneously solving for equations (3),
(4), (6) and (7), we can obtain the minimum re-entry heat transfer

shape for a drag coefficlent equal to a specific value.
IV. COMPUTATIONAL RESULTS AND DISCUSSION

We computed the minimum re-entry heat transfer shapes for various
fineness ratios with drag coefficients as a series of specific values
under the conditons that v=1.2,0=1.0. and dy/dx>0 . The numerical
values of J, and JD were obtained from the results in [4]. 1In the
following, we will briefly introduce the calculated results.

Figure 3 plots out the minimum re-entry heat transfer shapes
with drag coefficients equal to a series of specific values. CDO is
the drag coefficient of the minimum heat flow rate shape (i.e., the
minimum heat transfer shape studied in [4]). From this figure, we
can see that the minimum re-entry heat transfer shape is a family of
flat headed rotating bodles. With increasing drag ccefficient, the
height of the flat nose is gradually higher and the half vertex angle
of the rear body 1s becoming smaller. The rear body more and more
approaches a cone. The laminar flow minimum re-entry heat transfer
shape and the turbulent flow minimum re-entry heat transfer shape are
very close.

Figure 4 plots the minimum re-entry heat transfer shape total heat
flow rate for various drag coefficient equal to different specific
values. éo is the minimum heat transfer shape total heat flow rate
under invariant trajectory coefficient conditions. From the figure,
we can see that when ?he drag coefflcient 1is got equal to CDO’ the
total heat flow rate Q 1is always higher than QO. It 1s true for both
laminar flow and turbulent flow. The reason 1s very simple.

11
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(a) t=1.0

Figure 3. The minimum re-entry heat transfer shape when

the given drag coefficient is a fixed value
2--turbulence; 3--laminar flow; 4--turbulent flow
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Figure 3. (continuation)

2--turbulent flow;

. .
L

3--laminar flow; 4~-turbulent flow

12

Tl mtadatatad et odofomd e




s

" ot R RO
IR R
' I

rei) {"".-.‘S’. QROCACN
. . S e L

REhER A

PRSI WY SO WP P

LS —— v - Ao it dhanie at Sesdl Sl * St gl Badi el JhaditCi oS A A A A A
i 4 STt N MRS - - . . .

[ P L
— s8]
sk . e ik 18
. -.| —J O» )
0 1 ; 3 ; s "6 /C‘
é/a, Vo(a) telo T
e
, : ‘; ¥
. <_-“==fiif
or .
os}
— o

Figure 4. The variation of the minimum heat transfer

shape total heat flow with drag coefficient when the drag

coefficient 1s a flxed value
l--turbulent flow; 2--laminar flow; 3--calculated results in the
paper; U--flat heated cone results from [4]; 5--turbulent flow;
6--laminar flow

It has been .pointed out in [4,5] that when the trajectory coefficient
is unchanged, the minimum re-entry heat transfer shape 1s the minimum
heat flow rate shape. Therefore, when CD is different from C the

Q is naturally higher than Qo.

DO?

Figure 5 plots the minimum re-entry heat transfer shape total
heat corresponding to various drag coefficlents which are equal to
different specific values. The reference values used in the figure
are similar to those in Figure 4. From this figure, we can clearly
see that the re-entry total heat rapidly decreases with increasing
drag coefficient. When the drag coefficient CD increased to the value
equal to that of a flat nosed cylinder, the re-entry total heat

13
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reached the minimum. This variation trend indicates that although
the increase in drag coefficlent would cause the surface total heat
flow rate to increase, yet, under a given total re-entry weight con-
dition, the increase in drag coefficient would simultaneously cause
the trajectory coefficient to drop rapidly. The net effect is to
gradually reduce the total heat. From Figure 5, it 1s not difficult
to see that when the re-entry weight is specified, the minimum re-entry |
heat transfer shape 1s a flat headed cylinder.

Figures 4 and 5 also plotted the calculated results of the flat
headed cone part using the inviscid flow numerical solution as the
baslis. The variation trend agrees with the calculated results in this
paper. When the drag coefficient is identical, the total heat flow
rate and the total heat of the flat headed coneare higher than the cal-
culated results of the minimum re-entry heat transfer shape in this
paper.

Figure 6 plots the calculated results of a flattened cone and a
spherical cone which are very close to the minimum heat transfer shape
[4]. From the figure, we can see that the drag coefficient of a flat
headed cone 1s higher than that of a spherical cone with the same
half conical angle. When thelr half conical angles are identical,

} although their total heat flow rates (i.e., I) are not too different,
i: yet the re-entry total heat of the flat nosed cone (i.e., I/CD) is

o much lower than that of the spherical cone. 1In addition, we can also
2 see from Figure 6 that in the half conical angle range shown, regard-
F: less of the spherical cone or the flat headed cone, the surface total

heat flow rate gradually increases with increasing drag coefficient
(1.e., the re-entry body becomes dull). The re-entry total heat gra-
dually decreases.

.. According to the calculated results shown in Figures 4, 5 and 6
i; we seem to be able to draw the following conclusions: for a speci-
ﬁ: fled total re-entry weight, during the selection of the shape of the
i! re-entry vehlcle, we should choose a flat headed rotating body on the
2 basis of satisfying other objectives of the whole body in order to
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Figure 5. The variation of minimum heat transfer shape

total heat with drag coefficient when the drag coefficient

is a fixed value
l--calculated results in this paper; 2--the flat headed cone results
in [4]; 3--laminar flow; U4--turbulent flow; 5--turbulent flow;
6--laminar flow
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(a)Co~t
Figure 6. Comparison of heating of a flat headed cone to
a spherical cone (t = 1.0)
l1--flat headed cone; 2--spherical cone; 3--degree
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Figure 6 (continued)
l--turbulent flow; 2--laminar flow; 3--degree; U--laminar flow;
5--turbulent flow; 6--degree

greatly reduce the re-entry heat to the maximum extent possible and
to reduce the weight of the re-entry heat proof layer. Furthermore,
we should attempt to use a larger drag coefficient to the extent
possible. The flat headed cone is an aerodynamic shape with some
future.

V. BRIEF CONCLUSIONS

1. Tbhe minimum re-entry heat transfer shape when the drag coeff-
icient is equal to some specific number is a family of flat headed
rotating bodles.

2. Along with increasing drag coefficlent, the total heat flow
rate of the flat headed rotating body 1s reduced monotonically. After
reaching the minimum, it monotonically 1increases. The re-entry total
heat monotonically decreases with increasing drag coefficient.

3. The minimum re-entry heat transfer shape for a given re-entry
total weight 1s different from the minimum heat transfer shape for a
given trajectory coefficient. It is a flat headed cylinder.

4, 1In order to reduce the re-entry heat to the maximum extent
possible, while satisfying other functlonal objectives, we should

16
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choose a flat head rotating body. Furthermore, a larger drag coeff-
icient shape should be used to the extent possible. The flat headed
cone 1s a promising aerodynamlc shape.
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LIMIT ANALYSIS OF THE STRUCTURAL STRENGTH FOR THE COMBUSTION
CHAMBER OF A LIQUID ROCKET ENGINE

ABSTRACT

This paper 1is an actual example of the 1limit anal-
ysis method in mechanics. It provided computational for-
muldas for the limiting load of the major parts in the com-
bustion chamber of a liquid rocket engine. These calculated
results have good engineering accuracy in approximation
through experimental verification.

I. INTRODUCTION

Due to the "short time" and "single use" characteristics of the
liquid rocket engine, it is believed to be reasonable for part of its
components to work in a plastic state or for the entire unit to
approach the plastic state. To design a liquid rocket engine accord-
ing to this viewpoint will enable us to fix the load resistance poten-
tial of the structure to the maximum degree possible. Consequently,
the weight strength ratio of the engine can be rationally designed.

In the 60's, the workers in mechanics in our country con-
ducted a lot of work in the areas of 1limit analysis and limit design
to solve the common engineering shell 1imit analysis method. Further-
more, this method was developed to establish its theoretical basis to

makes 1t not only necessary, but also possible to use the limit anal-
ysls method in a liquid rocket engine.

The 1imit analysis method 1s an important branch in plastic
mechanics. Rilgorously speaking, 1t 1s an engineering approximation
method. Actual practice proved that the conclusions obtained by using
this method had the sufficient englineering approximation. Because of
the ease of use and the clear physical concept of this method, we

This paper was received on July 31, 1981.
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believe that the application of limit analysis to the design of
liquid rocket engine strength should have some constructive effect
for a long time to come.

Finally, it should be pointed out that all the components of the
liquid rocket engine are located 1n a strong vibration environment.
Dynamic characteristic deslign and calibration are sometimes necessary
for some components. This paper d4id not involve any discussion in
this aspect.

II. THE LIMIT ANALYSIS OF THE LOADED TOP COVER OF THE
COMBUSTION CHAMBER

The form of the loaded top cover is dependent on the supporting
condition of the combustion chamber. It is also related to the re-
quired dimension of the entire unit. The usual forms are the spheri-
cal top cover, which 1s a part of the sphere. It is a more advantag-
eous structural form to sustaln a uniformly distributed pressure.

The triple centered top cover. By using such a structural form,

it 1s not only possible to take care of the favorable form in main-
taining the structure under high working pressure, but also able to
take the requirement of reducing the total length dimension of the
entire unit into account.

The conical top cover. When the thrust of the engine is trans-
ferred from the head of the combustion chamber, the conical cover top

is the most favorable force exerting component.

1. Spherical top cover with an opening in the center to sustain
uniform pressure. The simpliflied mechanical model of the structure
is shown 1n Figure 2-1. The internal boundary is connected to the
rigid flange. The extcrnal boundary 1s conslidered as the solid sup-
port. When the limitling condition 1is reached, let us assume that the
distortion veloclty is

(2-1)
W= - A(cosp,— cosp)
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As for the direction of W, the outer normal direction is
positive.

Figure 2-1

Using the mobile method and the jacketed shell yield condition,
we can get, when ¢*>g,
sin'g, (1—K)(sin'p®— sin’@,) +2K sin *p,+2( cos p* — cos ¢, ) cos @,
3K

+ (cos@,— cosp,)(cos @, ~ cos @, + sin '@,) (2-2)
when #7<s. f= 2sin ‘g,
3(cos@,—~ cos @, )(cos @, — cos @, + sin '@, ) (2-3)
@°* = cos {1505 P
where I-K) (2-4)
h

K=& (2-5)

- PR!sin tp,
U:h’ (2_6)

The numerical results obtained from equations (2-2) and (2-3)
are tabulated in Table 2-1.

The limiting loading capability curves are plotted as shown in
FPigure 2-2. .
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TABLE 2-1. The limiting loading capability of an opened spherical
shell with external boundary solid support.

te, $-0° #,=10° » =200
\ ]

'; T \\ K=0.01 0.02 0.05 0.01 0.02 0.05 0.01 0.02 0.05
10° 2.961
20° 5171 | 3.389 | 2.5¢0 | 4.150 | 3.112 | 2.009
30° 9.605 | 65.420 | 3.007 | 8.008 | 4.7658 | 2.887 | 6.338 | 3.918 | 3.040
o° 14780 | 7.976 | 8.878 | 18.230 | 7.238 | s.622 | e.eas | 5.255 | 3.178
50° 20420 | 10700 | 451 | 19.390 | 10.220 | 4.702 | 16.130 | 8.149 | 8.967
s0° 26.760 | 13.250 | .765 | 24.8¢0 | 28.850 | 5.505 | 20.630 | 10.760 | 4.851

Onat and Prager [1] gave the computation formula for the limit-
ing loading capability of a spherical shell without opening in the
presence of external boundary solid support, which corresponds to the
®.=0 situation in this paper:

2 [ - 2oinm? 16 P -
"z+(1—cos¢.)a(1—zK)LK(l 2K)*sin*@o+ K'(1—2K — dcos g,) cos @4 (27)

+(3K—1)—-z-}z‘-_(1—zx)*ln(1—2K)]
where '

Li Kangxing et al,gave an even more convenient formula [2]

e =) (-9

In order to compare the reliability of the results in this paper,
a special case ®=0 ywithin the range of applicable conditions 1s
compared to (2-7) and (2-8). The numerical results are shown in Table
2-2 (equation (2-2) is written in a dimensionless form as (2-7)).

If the external boundary is considered as the simple support and

the internal boundary 1s free, then by using an identical method, we
can find that when ,e*>y
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- sin’g, (1—K)sin'p®— sin '@, + K sin *p,+2( cos @* — cos @, ) cos g,
3K (cos @, — cos @,)(cos @, — €05 @y + sin @’P.) (2-9)
when ®*°<y, , - -
o 508 P0 sin '@, — sin '@,

3 (Coswn—wsvo)(cosvl—oo$¢.+sin'w.) (2_10)

where 9*,K and n are the same as in (2-4), (2-5) and (2-6).

Reference [3] studied the opened spherical top cover under the
same boundary condition by using the "dual moment weak interaction"
yield condition. However, lts expression and applicable region are
very complicated. A comparison of the results of thils paper to those
in [3] is shown in Figure 2-3.

22

PP U P T U ONY PR DO PN UL IS 3 ST . Pl 2P A W G A alhaetalommh PR S )




LS Janth T f

TABLE 2~2
C BT . 1/80 1/160
:! ] . ] ]
ii % (3~8) | (3=1) | & iﬂ‘b*)]“_q):f—iﬁ(bﬂ)'“_”
L
N 10° 3.580 6.290 | 5.286 4.301| 3,835
;. 20° $.944 | 3.609 2.781 | 2.604 "2.400 | 2.402
F 30° 2.730 | 2.897 2,868 | 2.348 2:.186 2.179
40° ' 2.384¢ | 8.377 | 2.881 | 2,192 2.189 | 2.119 | 2.08¢ | 2.094( 2.096
50° 2.285 | 2.216| 2.281 ] 2.119| 2.108| 2.110 | $.058{ 2.05¢] 2.058
80° 2.198 | 2.150 | 2.158 | 2.076 | 2.076 | 2.080 | 2.087 | 2.038| 2.039
70° - 2.115( 2.102 | 2.108| 2.051 | 2,051 | 2.059 ;| 2.025| 2.026 | 2.030
80° 2.071 (| 2,071 2,074 | 2.035 | 2.085 ) 2.036 2.0}8 2,018 2.020
”0° .2.050 2.051 | 2.080 | 2.025f 2.025| 2.028| 2.012| 2.012| 2.016
l--formula; 2--this paper; 3--this paper; 4--this paper
.19 K=0,01
18
17 — EXAR 9
16 S [ﬂﬁ;@
15
14
13
12
1
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]
 §
7
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- 3 //
. 1 =~
. P
10° 0 W W s W
Figure 2-3

o--result of this paper; 3--result of [3]
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2. Spherical cover top with a center opening to sustain axially
concentrated load. The mechanical model of the structure is shown
in Figure 2-4. When reading the limiting state, let us assume that
the distortion speed 1is
W = A( cos 9, — cos @) (2-11)
where ¢2 i1s the position of the plastic region which is to be deter-
mined,

Using the mobile method and the packed shell yield condition,
we can get

; 1-2K
2{21( +(1—K)cos’p,—2cos p,cos @, +—:_-T(—eos’¢.]

. (2-12)
where 008 @1— COL P
3
coaw,-eoup.—(l—_z_lz(T) sin @, (2-13)
P
~——rh (2-14)
A
K'Tﬁ (2-15)

If we assume that the structure is primarily designed to sustain
axially concentrated load and simultaneously to stand the uniformly
distributed internal pressure q, the mechanical model of the structure
is simplified as shown in Figure 2-5.

If we assume that the internal pressure does not change the dis-
tortion speed (2-11) under the limiting condition, we can obtain the
following using the simllar method:

Za{_ZK +(1—K)cos’¢.—2oos¢,cos¢,+-l'l—:~2K£cos'w, |
"= o

cos @, — Cos @, (2-16)
(cos@,— cos @, )+ (cos @, — cos @, ) sin ',
where +4Q 08P, — COS @,
cos @y = cos 9, — (cos*p, +1) ¢ (2-17)
gR -
Q-—E,—h_ (2-18)
P
n--—o-—'RT (2-19)
" 4K—(z—zK+Q)cot’tp.E205in’¢C°3&
3(1—-2K) -
- A= gl (2-20)
25
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TABLE 2-3

- t’,ﬁfyﬁ% R N K R JERE ®
h wg) = xQ) = xJ) = xE)ar/axp » D # ry *
1 MR s 6 78 e 15 15.4 2.8
2 P 478 ] 78 0.6 2.5 83.3 2.6
3 H% a7 s - © 18 0.8 s2.0 1.3 4.0
l--specimen no.; 2--yield stress of the material o_=28 kg/mm?;
3,4,5--mm; 6--kg/mm?; 7--limiting axial pressure (Bon); 8--

experimental; 9--calculated; 1l0--error; ll--stalnless steel;
l12--stainless steel; 13--stalnless steel;

Equations (2-12) and (2-16) agree better with the simulated
tests. The comparison of the experimental results to the theoretical
computation 1s shown in Table 2-3.

3. The triple centered top cover with an opening in the center
to sustain the uniformly distributed internal pressure. The triple
centered top cover is made of part of a spherical shell and a ring
shell which are smoothly connected together. The simplified mechan-
ical model is shown in Figure 2-6.

Let us assume that the distortion velocity is:
for the ring shell part

W= A(1- sing@) (2=-21)
for the spherical shell part .
W=A(1—sin @) (2222
+B(sin B
— sin @)

¢ = the first order derivative at 8.
From continulty, we get

_R
B=a (2-23)

The results obtained finally are tabulated in Table 2-4,

where ) ro
arcsigp——
a,= re+H !
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TABLE 2-4,

The computation formula of limiting load capability of a
triple centered top cover with a large opening under uniform pressure

2 :& R ... o l E nen, n;unn,@
Ty . 0 5 .
snesvas @ Timlaobtdem, 1 > . Tims )
; _' T'-ua.l'dl{.(l--.'t) (-%g#a.-u )—( 1 ——'l'-'-;-'.i-) (4.’—3"-.)0-(—‘.'-: —’l) eool -(—"'-:-'-%-l;mc.
2 “*.”!m@ +(x+-§f—--"|'-) cosa,+ 4 —'lil) ( sistayt deinta,) E—’i-mu] .

A ®

- - 1
Timtao. bt A-:—[lo(nw.-nl P+ (R +uxmu—mm)§ruv.-n]

r; -uc.h'A'L[o(mv.-m.oﬁm-amp)fl(o.-l) Ql.(l-rm(o.—o.”-}u ~H)3siasf
hd - - 2 ¥

u. o, <9,

-.mv.-amm»mv.a] S P
P

- 3| e<oce

TI=a0.4’ A%[-(M.—m’iuw'.)d»%(l +Hw+ 1R ~Hwi— R + LR -HXniaspsiarw,—siarw)) ]

- - <l <A

T: -uv.l'4%{3.(&”.—&0‘)#'(0.-‘)} i(l -HX.hf'-th.)J

®

» 2 B

Ve .u{ -':T'[u (M.-uﬁ)#-l('.-l)'r—:-l(-hl‘-nhl’n;-f-'ir(l-l'_h!_t) ]ﬂro[(h —.'f v )
*(5=8 )= (Remr) eaep -%—:Lsuu]} R : oo )

b

anaxx ()

V-T'-O-”O-T

’17—

o

e
p .

b -

b

b

p

b

.

2--item; 3--formula; 4--boundary condition; S5--the internal strain is constrained, the
external is fixed or hinged; 6--internally hinged and externally fixed or hinged;
7--plastic hinge distortion power; 8--distortion power of the ring shell part;
9--distortion power of the spherical shell part; l0--external force work; ll--final
expression; 12--ring; l3--upper sphere; li--lower sphere
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TABLE 2-5. Table of numerical value of the load capabllity T
of a triple centered top cover with , /D=0

. \\ -~
e ’ s.01¢ 0.020 0.02¢
L RID b
PP AE. I AR CRAE S xle] kX
) @
- 1 0.15 0.026¢ | 0.0206 | 0.0427 | 0.0426 | 0.0536 | 0.083¢ | 0.0697 | 0.080s
- 1 0.25 0.0288 | 0.0309 | 0.0461 | 0.0495 | 0.0677 | 0.0620 | 0.0752 | 0.0808
1 0.30 0.0317 | 0.0380 | 0.0631 | 0.0520 | 0.0863 | 0.0862 | 0.0884 | 0.0882
1 0.38 0.0350 | 0.0350 | 0.0561 { 0.0661 [ 0.0701 | 0.0701 | 0.0913 | 0.0913
1 0.40 0.0369 | 0.0369 | 0.0891 | 0.0690 | 0.0740 | 0.0738 | 0.0993 | 0.0061
0.8 0.20 0.0307 0.0488 | 0.0580 | 0.0617 0.0804
S~
NG
% 0.030 0.034 0.040 0.046 l 0.050
R/D
N %04 &g (XL g, X4 X t§
N
1 }o.oloso.om'ounolo.ms[b.xoaz{o.xou . 0.1362
1 0.25 Ag]o.olssk.osack.ooa1k.1oook.1loqo.xzsok.1143k.x:a:k.xao4 0.1571
1 0.80 k.oooik.ooook.xxszk.lxsok.xssgk.1ss:k.xssak.xsaak.xo1s 0.1878
1 0.35 k.xosak.1ossk.xnock.11§ﬂo.14xok.14140.1:240.13:40.115: 0.1770
1 0.40 k.xxxzk.1xxok.1zoxk.xzsok.x4cek.14cck.x1nzk.x7xok.xnss 0.1861
X 0.20 ]o.omlo.m_oL Jgosslo.lz«]o.utsl [o.meo.:sss 0.1565
?ﬁ 2--author; 3--reference [4]; U4--this paper; 5--reference [47;
. 6--this paper; 7--reference [4]; 8--this paper; 9--reference [47;
o 10--this paper; 1l--author; 12--reference [4]; 13--this paper;

: 14——peference [4]; 15--this paper; l6--reference [U4]; 17--this paper;
?!f 18--reference [4]; 19--this paper; 20--reference [4]; 21--thls paper
- (R =)+ ( Rk Z—2n ) +8(H +r)(Re+ H)
: a,=marcsin ‘(H+f.)
F‘ . —a++/ a'+4dH(H-R) . —a+/ a*+2H(H—-R)
- @™ arcsin WH-R) t+ @y=arcSin WH-B) '
]

‘ h h

M=l L -

L ) H 4 ’ v _R. ]
} @
p—
-
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Reference [4] completed the load capability computation of a

triple centered top cover without opening.

The zero center opening

angle 1s a special case in th2 applicable range of this paper. The
comparison of this work and reference [4] is shown in Table 2-5.

The effects of various opening angles on the load capability of
the triple centered top cover are shown in Tables 2-6 and 2-7.

TABLE 2-6.

The effect of various opening angle on the load
capablility of the triple centered top cover

<‘\ e
\\\~ SPlo, N\ MD
\ \\ Tl 0.010 0.018 0.020 0.020 0.030 0.034 0.040 0.046 0.050
"~ 1 4 /D \\
RID \go/ D "D "
1 . 0.15 0 0.02057| 0.04262 0.05338' 0.00068' 0.08056| 0.09153] 0.1081 | 0.1249 | 0.1362
1 0.15 0.10 0.02491| 0.04007 0.05028' 0.0657Gl 0.076201 0.08875! 6.1028 | 6.1180 { 0.1300
1 0.15 0.15 0.02826| 0.03749| 0.04711 0.0GINI 0.07168 0.08185| 0.0909 | 0.1124¢ | 0.1230
1 9.18 0.2 0.02145' 0.03467| 0.04364] 0.05733] 0.06664| 0.07608) 0.0953 | 0.1053 | 0.1154
0.8 0.20 0.10 o.ozcu| 0.04609) 0.05778| 0.07547) 0.08737| 0.09935{ 0.1175 | 0.1358 | 0.1482
e
-
0.151T i
2
s
4
010}
1. Rm0.8D r,=0,2D f,30.1L
.06 | 2. R=D r=0.180 =0
3. R=D £,=0,15D r,=0,16D
. R=D =050 1,=0.20
b
) | 4 ¥ ' ) W ‘
o0 0.02 .0 0.04 0.05

Figure 2-7
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TABLE 2-7. Comparison of calculated and experimental
results of load capabilitiles of a triple centered top cover
sustaining uniform internal pressure

] -y r, 3 [ R i $
wap|iiGy v | 5 |+ | 5 |
1 *ln:Q 0.1055 | o0.1800 0.0082 0.9770 0.0200 0.0208
2 *lld 0.1740 0.1600 0.0082 0.9770 | o.o_xso 0.019¢

Y--specimen no.; 5--material o_ = 40 kg/mm?; 6--load capability,
experimental value; 7--load capgbility, calculated value; 8--stain-
less steel; 9--stalinless steel

The computational formula given in this paper was proven to
satisfactorily meet the engineering approximation requirement through
experimental verification. The strain plate was used in the measure-
ment of distortion. The theoretical computation can be simply ob-
tained using an interpolation method from Table 2-6 and Figure 2-T.
The experimental results are compared to the computed results and the
comparison is shown in Table 2-7. The experimental results are given
in Figures 2-8 and 2-9.

4, The 1imit analysis of the severed conical top cover sus-
taining concentrated load and the minimum weight design.

(1) Equal thickness severed conical shell. The simplified
mechanical model 1s shown in Figure 2-10.

The limiting load capability 1is determined by the following for-

mulas
‘ kA .., = X+ry . 1
P-ga,l{(s+r.)a:u+7nn a]+ 3 a.h'_x_ﬂ,“n-.c+ixq[zr+r.(:+r.)] (2-24)
PR _9qr s i Po P —hsin? _g_'_:_ -
o +?(oua —z.—,'.-)x *(3'0m523.+ 2 [S(r.e!na h'm.a)".‘a.h] 0 (2=25)

The value of x determines the position of the plastic zone in the
limiting state. It 1s represented by the distance from the shell
surface to the rotational axis. From experiment and analysis, we
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2--strain; 3--negative value; 4--negative value; S5--theoretical
value; 6--specimen 2; 7--schematic diagram of the strain position;
9--strain; 10--specimen 1; ll-~theoretical value; l2--negative value;
13--schematic diagram of the strain position
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Figure 2-10
l--equal thickness severed conical shell; 2--1limiting status
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Figure 2-11
b--1inearly thickening severed conical shell; 5--1limiting state

know that the destruction of the severed cone caused by the axially
concentrated load only occurs in the local reglion in the small end.
If the plastic zone can be extended toward the direction away from
the small end, the loading capability can be improved. Let us consi-
der such a conical shell thickness variation rate (or radially ribbed
structural parameters), The limiting state corresponds to the situa-
tion that the plastic zone occurs in the entire region between the
two end planes of the severed cone. The material utilization rate of
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thils structure 1s the highest. It is called the ideal thickening
severed conical shell.

(2) The minimum weight design of a severed conical shell sus-
tainlng axial load. The mechanical model of the linearly thickening

severed conical shell 1s shown in Figure 2-11.

The 1deal thickness variation rate equation is

h:_llll ‘a _ s __ ] P __Re? )22 V“-!.-h“ -‘Rh.
T2(R—72)" (14R*—36r,R*+30r; R—8r})A + 3 R=r %

(2-26)

. sin’a _ _rehisin’a __q -
—15h% ~Ta(R=r)" JA+h.cosa (R=ro)" + (2R+r1,)=0

To satisfy equation (2-26), the load capability of the severed con-
ical shell 1is

P= :w.{[a(R+r.) + —g—b(R'+Rr.+r2 ) ]cosa+(h; —h) 12(;;“—.:.)6 }

(2-27)
+r§-a,maRh—;a‘:ﬂ+ ag[R* +r(R+r,)]
in (2-26) Aml— :_ (2-28)

The mechanical model of a radially ribbed severed conical shell
is shown 1n Figure 2-12.

The ideal relnforcing rib distribution should satisfy the follow-
ing parametric equation:

—(—R—-—+—9—)R' [ah+ %i(RHr.) +;’l—r.]R'

( xh+ m;H Rg—r. )R re __'%’l_gLL(3R+r.)—uhri +[mhtro+ndH

(2-29)

sin'a . 1 g .
X(H+’I)J—;-a—+3 . e 0
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o TABLE 2-8

- B B - [ F g

i o5 |27 | 10| 4 1 |10.7
o {27 | 10¢] « ' RN EE
65 |78 104 8| «s 22 (23
o2 |82.5] 10 ¢ | 49 67 | 56.5
62 (625 1400 12 | 1.9 o [90.¢
% |25 9 6 | 2.8 . 1 |16
65 (27 | 104] 4 04 | 12 {128
6 |27 | 104 | 4 ¢ | ¢« |22 2 (2.2
o |27 | 104] 4 10| ¢ | 12 s |24
55 |75 | 278 12 s |12} %0 1o | 150
6, |27 | 104 « 6 [ « {12 o2 19 [203
65 |27 | 104| 4 6 | « |12 o4 | 22 |2
6 |27 | 104| 4 6 | « 12| o6 | 23 |26

2--specimen no.; 3--property of the severed cone; U--material; 5--05 kg/mm?; 6,7,8,9,10,
11,12--mm; 13--q kg/mm?; l4--experimental value, ton; 15--theoretical value, ton; 16--equal
thickness; 17--equal thickness; 1B--variable thicknass; 19--variable thickness; 20--variabdle
thickness; 2l--variable thickness; 22--equal thickness; 23--ribbed; 24--ribbed; 25--ribbed;
26-~ribbed; 27-~ribbed; 2B--ribdbed; 29--25# steel; 30--25# steel; 31--25# steel; 32--stain-
less steel; 33--stainless steel; 3i--stainless steel; 35--25# steel; 36--25¢# steel; 37--2t#
Steel; 38--254 steel 39--25/# steel; U0--25# ateel; U1--25# steel

34

{-.“ BN Y e e A A A e e at et PP LIS I LY i G LU W VP VL U G G o




"'W;r"'.l'-"l"r Sata s
@t e et e,
PP [

:
i

ﬁ

'TI".'.'T' e '.r
. - o

T

Pl N Y R P

Figure 2-12

To satisfy (2-29), the structural load capability is

- 2, m : )1 Alsin‘a o,sin'a [ xh’
P :a.{[a(R+r.)+ ?b(R 4+Rr 41 )Jcosa+ 1 }+ R=r, { 3 (R+r,)

AwAH+-2EH (2, - )+ 2 AR +r(R+7)] | (2-30)

where n 1s the number of ribs, H is the height of the rib, § 1s the
thickness of the rib.

I R o noH

The reliability of the above analysis can be verified by simula-
tion tests. The comparison of the experiment and the theoretical
analysis is shown in Table 2-8.

II1I. THE LOAD CAPABILITY OF A CENTRIFUGAL TYPE INJECTOR DISK

The centrifugal injector disk is a complicated two layer circular
plate structure. Its double layered wall divides the thrust chamber
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- Figure 3-la

o 2--combustion gas hot surface; 3--bottom; U4--nozzle; 5--top;

6--combustion gas pressure difference

into the combustion chamber (see I and II in Figure 3-1), and the
oxidant chamber (II or I) and the combustable gas chamber (III). The
two layer plate was welded together. Generally speaking, the pressures
Pl and P2 exclited on I and II are aprroximately equal to and higher
than PIII'

to sustain the pressure drop PI-PIII'

Therefore, the injector disk of the entire unit only bhas

The mechanical model of the injector disk i1s shown in Figure 4-16.
In the computation, the following basic assumptions are adopted [5]:

(1) The double layer circular plates were connected rigidly by

many nozzles. There 1s no relative distortion. It 1is also considered
that the nozzles are uniformly distributed on the plate.

(2) The bottom of the injector plate is working at high temper-
ature. The temperature varies nonlinearly along the radial flow radius
of the circular plate. The temperature is lowest near the edge of the
circular plate. The temperature 1is the highest at the center of the
clrcular plate. Let us assume that the temperature variation is

T(r)=Ty=(T\=T,)p" (3-1)
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Ah, where To is the temperature at the cen-
1 - h
(1-D b, ter of the plate and T, is the temper-
¢ = L.
4 ature at the edge of the plate. p = R’
b, n is a constant greater than 1.
~—=: r is the radial flow radius.
Figure 3-2 The l1limiting structural analysis

"assumed. that thermal stress did not
affect the limiting load capability. The temperature only affects the
yleld stress value of the material.

If the temperature difference between the center and edge of the
circular plate 1s not too large, the difference in the value of the
material yield stress can be obtained using a linear difference method.
Therefore, we can write the following linear relation:

0.(T)=0,(1~-KT) (3-2)
where os--yield stress at constant‘temperature (T=0)
K --a constant which varies with the material.

Consequently, we can obtain

o.(r)=0,(c+dp") (3-3)

where
d= K(Te—T4), c=1—-KT, (3-4)

(3) The yielding bending moment of the double layer circular
plate. Under the yield condition, the stress distribution along the
height of the plate is as shown in Figure 4-2. Because
o(T)=0.(c+dp"), o, = constant.

Yieldling bending moment

M.(r)=M, {1 +2aB(c+dp") [v—JaB(c+dp")] } (3-5)
where
0,.h}
M==c
Yol +a+-§;-. a=ti, B=-2-
37
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(4) The effect of the nozzles. A series of densely located
nozzles would weaken the load capability of the circular plate.
Reference [5] suggested that this effect be included in the internal
power of the corresponding velocity field. This is a very complicated
method. However, [6] recommended the use of a functional coefficient
to take this effect into account:

tm1-pr (3-6)
Fo--the area of the opening of the nozzles to the plate.
F --the total area of the plate.

The injector disk is formed by two layers of plates. On top of
the double layer plate, the apertures of the nozzle are not equal.
The effect coefficient should be correspondingly noted as

F
‘l-l—Tﬂ
' (3-7)
E.—l--l;?l

Therefore, the opening of holes on the nozzle to the circular plate

is considered:
0.(T)=0,(c+dp")¢,
g:.=0,-§, .

On the aforementioned basis, if the edge support of the injector
disk is considered as a simple support, the load capability sustain-
ing uniformly distributed pressure 1s:

6M, d . 2¢d s’
P=—r {”2"”("":4-1)"’”( +n+1+20+1)} (3-8)
where the symbols are the same as in (3-5), and 3_15_J_5L

4} &

If the edge support of the injector disk 1s consldered as a
fixed support, then

Pm s [1tapy (o 1) (4 ool o L0L)] (o)

where pb i1s determined by the following formula:

(3-10)
Api* 4+ Bpi"+Gpi**—Dpi +Epiinpy+ Kpl— Lm0
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4= 8B (1—n)
2(2n+1)

I 83

@ B 2(2n+1)

»::E:: G = 8Bd(Y—aBec)(n—2)

i n(n+1)

3afd(v—apfc)
D=——=

E =afBc(afc—2v)—1

K _,al%d_[z(,._dﬁc) __%_apd ]+%+a3 [?(50 +2d)—af (%c‘+2dc+d’)]
84

L=%u +aBc(2v—afe)]

IV. THE LOAD CAPABILITY OF THE COMBUSTION CHAMBER

The load capability of the combustion chamber is the load capa-
bility of the combustion chamber itself. The weak part of the cham-
ber is in the cylindrical sectlion. It is the representative section
for checking the strength.

The c¢ylindrical section has densely located reinforced ribs
along the circumferential direction. The inner and outer walls are
connected by wavy boards longitudinally. Obviously, this is a dual
directional Jacketed cylindrical shell with reinforced ribs. It can
sustain the combined effect of the uniform internal pressure and the

. axial force. Assuming that the cylindrical shell is supported rigidly
e on both sides, let us also assume that:

L

Qq (1) a high pressure coolant is passed between the inner and outer
Eﬁ walls. It 1s considered not to be related to the load capability.

F.

{

(2) The inner wall temperature of the combustion chamber is the
average value along the axial and wall thickness directions, i.e.,
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Figure 4-1
l--with reinforced ribs; 2--connected by wavy board; 3--shape of
the wavy board

the inner wall yleld stress 1s a constant. Because the inner wall

is thinner, and the work is done at high temperatures, the material
property is low. It does not contribute greatly to the load capability.
Therefore, this type of simplification will not bring about large
effects.

The mechanical model of the simplified cylindrical section of
the combustion chamber is shown in Figure 4-1.

Based on the above assumptions, using the force method and the
simplified yleld condition, we can get the load capability

4—20—2¢a,+4a (4-1)
n=14+ay+ e
where ’ 2p+c'(1+a.)l

ag, a, are the relevant dimenslonless parameters with respect to cir-
cumferential reinforced ribs and axial reinforced ribs, res-

pectively;

¢ is the axial force coefficient, which reflects the cylindrical
shell characteristics of the half opening of the combustion
chamber

C2 is the structural parameter of the cylindrical shell

is the 1limiting value of the dimensionless uniform pressure.

ho




They are equal to the following, respectively:

.7"' .
AN . - o

~—v
e

[

agu - Fo0se___ a=_ FaOu
L " By(oh,+0h) == B.(0.h,+0.h,)
- .
r',zr v-l_ x_gl—ﬁ' crgéR_ U.hl'l‘;ld,h,

..-__P_R__
0. +0,h,

hl,b2 are the thickness of the inner and outer wall respectively

R i1s the average radius of the cylindrical section of the
combustion chamber

R is the thrust of the engine

P is the combustible gas pressure in the cylindrical section

of the combustion chamber
0,,0, are the material yield stresses corresponding to the inner
and outer walls at average temperature

L is half the length of the c¢cylindrical section of the combustion
chamber

Bx i1s the wave dlstance of the wavy board

B, is the spacing between the reinforced ribs in the clrcumferen-

tial direction
039 is the material yield stress of the reinforced rib in the cir-
cumferential direction

Fx 1s the cross-sectional area of the wavy board within a wave
length
Fe is the cross-sectional area of a reinforced rib in the circum-

ferential direction
M3 is the ylelding variable moment on a unit length of the jacketed

X
layer formed by the inner and outer walls, including the wavy
board.
oM [y 420 M b 1o b H
R R S <y

O Fuf_ 0 by _1 0y Fo H
i (R e i ma )

H 1s the height of the wavy board, which is also the distance between
the inner and outer walls.
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Figure U-2. The load capability of a ribless combustion
chamber
2--experimental curve; 3--calcualted value; 4--hot state experiment
and calculated curves; 5--cold state experimental and calculated
curves

°3x is the yleld stress of the wavy board material

F.-Z( sifw. +b)6'

where § is the thickness of the wavy board.

Equation (U4-1) agrees well with the experimental results. Figure
4-2 shows the comparison of the experimental curve and the theoretical
computation of the load capabllity of a ribless combustion chamber.

V. THE LOAD CAPABILITYOF TUBE BUNDLE NOZZLES

The simplified mechanical model of the tube bundle nozzles is
shown in Fligure 5-1. The exerted combustible gas pressure is assumed

¢2 to be

Solving the set of equations:

‘. ,l(’l).+IO('I)P.+IO('l)c-°
L 7.(@) +£:(@)Potfi(@s)c=0
9:(9.) +8:(9)Ps+gy(p.)c=0
‘ : 0:(9:) ¥ 9:(9: )Py +g4(9:)c=0

- ~d®
P=Fa (5-1)

b2
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Figure 5-1
2--tube bundles--reinforced rib; 3--single tube

where the functions are as follows:

(

}l(w)’A|COS¢+RN§(¢cOs¢— sing) —M3$ Rsin£-H

RH _ R'(2cosp +asing) | -4

f(p)=Ascosp + Asing—| -1 a+ia

XOLVR TS .
R—-Hising _ R(Rp— Rsinpcosp—Hesin @)

"(w)-""m N3 Rsing—H

( )-{?Ha * R*H cos @ _R[(2+a’) sing+acosp]
S T+e T (T+a)(Reinp—H) o +14a

Ricosp(2cosp+asing) ) —,o_ 4 R—Hsing _ Hcosg

\ T (@ +40)(Rsing—H) }c €= Rsing—H A, Rsing—H

0= (A e+ e rH)
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where the structural parameters and material characteristics para-
meters are

i » A= BP0 L M5 R(p— 0N

A'__[(R'(G sin 2@, +2cos 2¢,) + RH( sin w.-—ﬁc;)sqp.)

2(a*+4) 1+d° Jaoiemer

_[ R2+oge,) _ ___RH }-.,
a+4a (1+a’)cosg, ¢

' 1
A Rcosgp,

R*(2sin 2¢, + 2 cos 2¢,) + RH (sin ¢, —acos @,) oo,

. r
A‘-L 2(a"+4) 1+a'

: f o,k 1, 2 2
H. m ?H.+3R.H.+4R.]

Nim 0.’!"
! ]i‘

VI. THE LOCAL STRENGTH OF THE COMBUSTION CHAMBER

The so-called local strength is the uniform load resistance of
the cooling conduit of the combustion chamber and the connection
strength of the wavy board. Thelr characteristic is that the struc-
tural dimension 1s so small that it i1s extremely difficult to reason-

ably simplify the computational model. The computational formula
s given here, after experimental verification, bhas sufficient accuracy
for the specific problem of the engine.

- (1) The connection strength of the wavy board. The simplified
; mechanical model is shown in Figure 6-1. Let us take an element in
f the combustion chamber for analysils.

n!

by
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o Figue 6-1
:! 2--inner wall; 3--wavy board; LY--outer wall

Let: o¢_ 1is the inner wall yleld stress of the combustion chamber
5. wave
B
o drill

B represents the strength 1limit of the drill weld
8§ represents the thickness of the wavy board
n 1s the thinning coefficient of the wavy board after the

impulse pressure treatment

1s the strength limit of the wavy board material

is the angle between the side of the wavy board and the cir-
cumerentlal direction of the combustion chamber

B, is the wave distance of the wavy board

b 1is the width of the drill weld

b 1s the inner wall thickness of the combustion chamber

PMP is the pressure distribution of the cooling conduilt.

The pressure limit inside the cooling condult can be determined
by the strength 1imit of the drill weld seam as:

ur= B, sin p,—28
The limlting pressure of the cooling conduit can alsc be deter-

mined by the strength limit of the wavy board itself as
20, -8 sin @, (6-2)

Pyp=—

B,—28/sin g, "
(2) The load capabllity of the cooling conduit

‘ ' 6-
Pur= lsa:h (6-3)
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The drilll weld strength is a statically determined problem.
Equations (6-1) and (6-2) are the destructive strength, which is
used to replace the load capability.

VII. THE RING SHAPED PLUID COLLECTING RING

The schematic diagram of the structure is shown in Figure 7-1.

The uniform pressure load capability [7] is:

1
1 +'§-sa

o,
the upper 1imit solutionPup-fg—:j:jj;; (7-1)
4

_ P [ 140
Flgure 7-1 1o lower 1imit solution ‘kmn'77‘14hl,a
4
(7-2)
T -t
where @=R.' =3
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