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Abstract

A numerical investigation is adopted for two dimensional thermal analysis of rocket thrust chamber wall
(RL10), employing finite difference model with iterative scheme (implemented under relaxation factor of
0.9 for convergence) to compute temperature distribution within thrust chamber wall (which is composed
of Nickel and Copper layers). The anaysis is conducted for different boundary conditions: only
convection boundary conditions then combined radiation, convection boundary conditions also for
different aspect ratio (AR) of cooling channel. The results show that Utilizing cooling channels of high
aspect ratio leads to decrease in temperature variation across thrust chamber wall, while no effects on heat
transferred to the coolant is indicated. The radiation has a considerable effect on the computed wall

temperature values.

K eywords: Thrust chamber, multi layer wall, cooling duct, CFD.

I ntroduction

The evaluating of convective heat transfer rates
from high temperature combustion gases to the
converging diverging nozzle of liquid fueled
rocket engine is crucial for optimizing the design
of therma control systems and evauation of
thermomechanical behavior and fatigue of
chamber liner to insure adequate long life
operation. The liner of most current thrust
chamber is fabricated from a high conductivity
material, such as Copper or Copper based dloy,
and closed out with Nickel, incorporating cooling
channels with liquid Hydrogen as the coolant
fluid as shown in fig. (1). Armstrong and
Brogren conducted an experimental investigation
of fatigue life of thrust chamber under cyclic
thermal  loading , Quentmyer identified a
correlation between number of cycles to failure

and temperature predicted through the
application of SINDA ( System Improved
Numerical Differencing Anayzer) software.
Saha extended the computer program (BLIMP)
for boundary layer andysis to predict a thrust
chamber wall temperature by coupling this
analysis with regenerative process along axial
nozzle cross section passing through cooling
channel .

The objective of the present work is to compute
the temperature distribution within material of
temperature dependent conductivity by utilizing
finite difference method employing different
gpace divisons in r and 6 direction with specia
application to thrust chamber wall of rocket
thrust chamber RL10 composed of multi layers
and exposed to different outside and inside
boundary conditions.
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Fig.(1). a).Rocket Thrust Chamber Nozzle. b )Cross Section Through AA. c). Layers
of the Wall
_ yields the following governing
Theory and computational differential equation:
scheme
The temperature distribution within l(r ﬂ) +i(kﬂ) -0 (1)
thrust chamber wall can be obtained by I I 99 Tq
satisfying  the  first  law  of where
thermodynamic ~ combined  with T : temperature (K)

Fourier's law of heat conduction with
the assumptions:

1-Steady state two dimensional heat
transfer

2-Temperature dependent conductivity
3- No internal heat generation

K : thermal conductivity (W/m.K)
The interested region is divided into
unequal space divisions (Ar and A6) in
r and 60 directions respectively as
shown in fig.(2).
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Fig.(2): Discritization of the Physical Domain in r-6 Plane

Utilizing the finite difference method
the temperature & each node can be
computed in terms of temperature of
the surrounding nodes. Hence equation

(2) is approximated by this mean for a
middle node (i,j) shown
in fig.(3) such that [Ozisik1980]:-

Fig.(3). Thermal Resistances Around Nodei,j

qi+1,j +qi,j+1+qi.1,j +qi,j_1:O (2)
where

q :Ti+1,j 'Ti,j g :Ti,j+1_Ti,j_:._-]

+1,j ! L 1

1 Rl J Rz i (3)
_ T Ty _ T Ty ?/

fuT R T ARTTR T

where

(i,)) : indicesin rand 6 direction
g : hesat transferred in W/m
R: thermal resistance

(for  conduction  hesat
R = distance/k * (area per unitdepth) )
or R=1/(h*(areaper unitdeptn)) (h is
convection heat transfer coefficient
heon, Or for radiation heat transfer
hrag =es (TS +TT3 +T2T, [ +T3))

e : emissivity factor =0.9

s :Stefan-Boltzman constant
=5.669* 10 W/m? K*
Hence equation (2) can be rewritten
such that:

transfer
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Ti+1,j +Ti,j+1 Ti-l,j +Ti,j-1
_ R R R R
T, = i+i+i+i ....... 4
R R R R
where
=N I _ qul/z
R=R*R =5 zeon 27k
rDg,/2
(Dr1/2+Drz/2)*ki'j
__ g, 1,1y 5
&_am+ugﬁﬁfku) >3
R2=R/2+R/2/
_ Dr, /2 N
K; ;+1(Da,/2+Dq,/2)(r +Dr,/2)
Dr,/2

ki (Da;/2+Ddq,/2)(r +Dr,/2)

- Dr, 1 .1,.(5h
R o200 +00) Ky, K,

. rDg,/2
RERTR T o2 g

r Dg,/2
ki,j (Dr1/2+DI‘2/2)

=_"ba, 1 o 1y
oo i, Tk 0

R, = R;J’ RZ
= Drl/z +
ki,j-l(Dq1/2+ qu/z)(r - Drl/z)
Dr,/2
k;, (Da,/2+Da,/2)(r - Dr,/2)

R, = b, ( L +i)
(r- Dr,/2)(Dg, +Dg,) ki,j-l ki,j

where ( r ) is radius of node (i,j), and
since the conductivity depends on
temperature then:

(k, ko tkutky tk,, ) The
expressions of thermal resistances for
other special kind nodes are presented
in appendix A:

Geometry and boundary conditions

Detailed dimensions of thrust chamber
cross section employed in the present
work. Is given in table (1) based on
[Naraghi, et. al. 1987]. The left and
right sides of thrust cell are assumed to
be adiabatic walls, since symmetric
temperature fields cross these sides
(lines of symmetry). In the present
study two sets of boundary conditions

are analyzed:

1- A convective boundary condition
applied at inner radius of thrust
chamber (which exposed to hot gas),
and cooling channel walls ( where heat
is removed from chamber wall to
liquid hydrogen). Free convection
boundary condition at chamber outer
radius which is exposed to outside
environment where heat transfer
coefficient at this surface is given by
[Holman 1981]:

_05%; g3|T'J i -I;‘erz 3 prps

LT A
...(6)

where

g: gravitational acceleration m/s”

b :thermal expansion=1/T., (K™)

r :air density= 1.2 kg/m®

Pr: Prandtle No. for air=0.7
2-Radiation boundary conditions at
these surfaces are considered beside
the convective boundary conditions
mentioned above, heat transmitted in
this caseis calculated as:

q:hA,j(Ti,j - T¥)l;I

(7
h:hconv+hrad ( )
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The  gpecifications  of fluids
surrounding the thrust cell with
convective heat transfer coefficients
employed are presented in table (1).

Computational algorithm
1-Assume initial nodal’s temperature
such that:

T, =Ty +T.+T)/3 . 6)

2- Compute thermal conductivity of
each node based on its temperature by
employing linear interpolation to the
data given in fig.(4).

3-Compute nodal’s temperature value
which is given by

4 4 i
T =@ T RIGAVURD .9
k=1 €k=1 (%]
for nodes located at the insulated sides
(k=1— 3). Iterative successive method
with under relaxation factor (»=0.9)
has been used
4-The iterations are terminated

according to the following
convergence criterion.
(T -T,,)/T",; £10°° eer(20)

where n refers to new temperature
value.

4-Calculate heat transferred from hot
gas, to coolant, and to outside of thrust
wall cell applying:

dq :é. hiAk(T¥g -T)
k=1

9 =a hA - T,) ..(12)
k=1

% =a AT, - )
k=1

where the subscript k refers to element
indices that belong to either high
temperature wall or cooling channel
wall or thrust cell outer wall.
5- Verify that g+ Qe+ 9o=0.0

Results and discussion

Figure (5) presents radial temperature
distribution within thrust wall cell (for
cooling channel aspect ratio (AR=8.25)
(which is the ratio of cooling channel
height to width) when only convection
boundary condition is considered ) for
different selected lines (from A-A to
H-H ). Highest temperature values
indicated a lines located far from
cooling channel, while the coldest lines
are those pass through it due to
cooling process. Also it is clear that
temperature values are decreasing
toward outside wall surface lines (AA
to DD), this is agreed well with the
results of (Naraghi 2001).

Parametric study

1-Effect of cooling channel aspect
ratio

Figures (6) and (7) show temperature
profile a lines AA and HH
respectively for different aspect ratios.
It is clearly indicated that the nodes at
lines AA and HH (belong to region
below cooling channel) have the
highest temperature values for
(AR=2.5) compared with other (AR)
values while the lowest temperature is
indicated for (AR=8.25) for the same
nodes. This is due to increas in the
cooling channel width for the same
height for (AR=2.5) which leads to
increase in the surface area of hesat
transfer to coolant. This results is
agreed with [Naraghi 2001] for
utilizing high aspect ratio cooling
channel design. Figure (8) shows
clearly that temperature profile at
cooling channel wall for (AR=8.25) is
preferred since no large variations exist

2-Effect of radiation boundary
condition

In order to show the effects of
radiation heat transfer on the wall
temperature of cooled rocket thrust
chamber, Conjugated  Boundary
Conditions (radiative and convective)
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have been applied at inner surface,
cooling channel wall and outside
surface. Figure (9) shows the
Temperature profiles for selected lines
AA and EE, which indicate higher
temperature values when radiation is
considered. Figure (10) shows lower
temperature values at coolant channel
wal when combined radiation
convection heat transfer isapplied. Itis
deduced form fig.(11) that larger heat
is transferred from thrust chamber
wall to coolant when radiation heat
transfer is considered while no effect
of aspect ratio isindicated .

Conclusions

The effects of cooling channel aspect
ratio and radiation boundary
condition on thermal characteristics of
thrust chamber wall are studied. It was
found that Utilizing cooling channels
of high aspect ratio leads to decrease
in the temperature variation across
thrust chamber wall, while no effects
on heat transferred to the coolant. The
radiation has a considerable effect on
the wall temperature value.
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Table (1):Data employed in
computer program Run
[Naraghi 1987]

120 450
Hot gas temperature (2655 K)) o] —: e L
Hot gas heat transfer (290) i i
coefficient (W/m’K ) 100 C
Coolant temperature (50 K) % — i
Coolant heat transfer | (15290.65) . 80— L 300
coefficient (W/m?K ) £ 5] -
Outside temperature (294 K) § o] -
No. of cooling (100) = - [ oo
channels E 0 _
thrust chamber inner | (44.44 mm) 40 [ 150
I‘adIUS Ri 30 _- B
thrust chamber outer | (49.675 mm) ] -
radius R, . — 50
cooling channel inner | (44.95 mm) 7 .
raj"_js RCI 0 1 ' 1T " 1T ™71 71T "1 ™71 0
cooling channel | (4.2144 mm WA A eeture e %0 10
height H Fig. (4): Thermal Conductivity of
cooling channel | (0.511 mm) Cupper and Nickel [Kacynski]
width based on Ry
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Fig.(5):a). Selected Lines Through Thrust Cell. b). Radial Temperature Distribution of
Thrust Chamber Cell For (AR=8.25)
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Fig.(6): Aspect Ratio Effect on Temperature Distribution Along
Line A-A( Only Convection Boundary Condition)
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Fig.(7): Aspect Ratio Effect on Temperature Distribution Along Line H-H .
a) Wall Region Over the Cooling Channel
b) Wall Region Below the Cooling Channel
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Fig.(8):a). Nodes Numbering of Cooling Channel Wall b). Effect of Aspect Ratio on
Cooling Channel Wall Temperature Profile (only Convection Boundary Condition)
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Fig.(9): Temperature Distribution Along Line A-A and E-E for Radiation and
convection Boundary Conditions
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Appendix

Thermal resistance of nodes belong to
the interfacial line between two
different materials A and B as shown
in fig.(al) can be written as:

- rl[xll * 1 1 .. (al)
R =ooy won e

o 11 @)
(R = o +00) s )0

R=_RR)e (a3)
(R)a +(R)sg

substituting equations (al) and (a2) in
(a3) yields:

_ Dy, 1,1
R reon 200, +00) 'k, K

i

R=R*R;

_ rDg,/2 r Dq,/2

" k., (Dr,/2+Dr,/2) K, (Dr,/2+Dr,/2)
R = r Dg, 1

- i ly (@D
(Dr, +Dr,) ki_“ k

i

R, = R;J’ RZ
= Dl/z +
ki,j-l(Dq1/2+ qu/z)(r - Drl/z)
Dr,/2
k;, (Da,/2+Da,/2)(r - Dr,/2)

R, = Dr, ( 1
(R' Drllz)(Dql + qu)

1
=)
ki,j-l ki,j

The thermal resistance of nodes belong
to surface exposed to fluid of Too; as
shown in fig.(a2) can be written as:

R=(RO+(RY ... (ar)
R, = r (a8)
h*r*(Dq, +Dq,)/2
R=(R)+(RY crrenn (a9)
R,=(RO+(RH e (a10)

Fig.(a2 ): Therma Resistances

Fig.(al ): Thermal Resistances Around
Node (i,j) Located at interfacial line

11

Around Node (i,j) Located at

surface exposed to environment
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