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ABSTRACT

The accelerations imposed on the gas flow inside
nozzles of rocket engines are extremely high. By such
high acceleration applied to the flow, the turbulent
leyer structure at the wall is suppressed and a part-
ial or complete conversion to a laminar boundary layer
is obtained. By such laminarizsation, intensive reduct-
ion in heat trensfer rates occurs. In this paper;theo-
retical and experimentel investigations were conducted
to determine the impsct of such laminarization phenom-
ena on the local velues of hest transfer coefficients
in rocket nozzles.

A simple hypothsis is &lso given for correlating the
measured gas-film heat transfer coefficients at the
throat of such nozzles.
By such hypothesis, it was possible to develop a the-
oretical seheme based on the conservation equation TO
predict the temperature distribution, in the nozzle-
walls.
1. INTRODUCTION

The work presented here is mainly concerned

with a study, analytical and experimentel,
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originated to find the maln parameters that infl-
uence the structure of the boundary layer flow
along a convergent-divergent nozzle of a rocket
motor,

It is known that if-a sufficiently strong
accelerating force is applied tvo a flow, the tur-
bulent boundary layer structure at tne wall can be
suppressed and a partial or complete conversion to
a laminar boundary lsyer is obtained l\. Such lam-
inarization influences directly the hest transfer
rates along rocket nozzles since the flow along
such nozzles is cunaracterized by & strong acceler-
ating force that is mainly dependent on the value
of stagnetion pressures. So thne presented study
covers a wide range of slagnation pressures from
10 bars - 120 ber. Launder 2. has svated that the
boundary layer snape will suffer destortions as the
accelerating pearameter :

e 5
has an approximate value of 10 ~. This value is
mostly attainable in rocket nozzles near the throat[éjh
Calculation of the heat transfer coefficients for
flow in nozzles was done by the use of the simplif-
ied Bartz or colburn equations .4, of tne form

~-0.2 -0.6%
i W

This equation provides an order of estimate of the
local convective heat trensfer coefficients in small
nozzles where an essentlally turbulent layer flow is

St = 0.02496 Re Pr

assumed. But such equ&étion cannot be used for rocket
nozzles where tne used stagnation pressures sre ext-
remely high.
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In the first part of this paper an experimen-
tal analysis of the laminarization phenomena 1is per-—
formed where the accleration parameter reaches the
value 2.5.10°° to 5.4.107° at the throat section of
rocket nozzles. Measurements 1s concerned with the
heat transfer rates along tne nozzles which is dir-
ectly releted to the boundary layer structure.

In the second part of this paper, analysis of
the found experimental data 1is performed end corre-
lastion of the found data is done relaying upon a
concept of the shape of distorsion of tne boundary
layer slong the nozzle.

2 EXPERIMENTAL ANALYSIS.

A need for a high pressure gas generator is
satisfied by the use of a combustion chamber of a
rocket motor that utilizes a douple base solid pro-
jpellant of tubular grains. Such chambers are
charscterized by short duration time, 10-20 second,
so the measurement instrumentations have small in-
ertia time to follow up the transient measurement
data [3].

The gases produced from the gas generator were passed
through a long pipe before entering the nozzle %o
have a partially developed gas flow. The length of
the pipe was chosen in the range :
L= (35)4d
Where d : diameter of tne pipe
L : total length of the pipe

This leads to gas perameters at the inlet section of
the nozzle of the values :

Pressure : 20-120 bar

temperature : 1200-1800 °K
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The nozzle geometrical cofiguration was considered
as another parameter that influences the structure

of boundary layer flow along the nozzle. So, the co-
nvergence angle of the nozzle is considered as a
variable that ranges from 30-60 degrees.

The gas generator was- placed on a horizontal
test stand. Inlet and throat pressures were measured
by pressure transducer that were connected to an an-
alogue digital coanverter of a Packard computer that
was progdammed to work as a data acquistion system.
Wall temperatures at 20 locations along the nozzle
were measured by means of NiCr/Ni thermocouples and
the induced e.m.f were auwplified and fed to the com-
puter A/D converter. Other thermocouple. setf were
fixed at 20cm distance from the exhaust-nozzle sect-
ion for determination of the exhaust gas temperature.

Celibration of the measuring devices were done
before each measurement round. Each round was repeated
three times to have the confident measurement data.The
thermocouples were located at rive sections along the
nozzles, fig 1., where at each section were fixed four
thermocouples with different depths through the nozzle
walls. From the four measured temperatures at each se-
ction, it was possible to estimate the heat transfer
rates across the wall and the gas temperature at each
sectioni4l, through the experimentation time.

The number of rounds that have been done, to get
a confident dependence ol tne heat transfer rates eacr-
0ss the nozzles on the gas flow parameters and nozzle
geometry, were 120 rounds (correspgonding to 40 differ-
ent velues of tune stagnation pressures and nozzle-

convergence sngles )
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3, RESULTS ANALYSIS

From the experimentally determined heat trans-
fer rates and gas temperatures along the nozzle
walls, the dimensionless heat transfer coefficients’
Stenton Number have been calculated. Comparing the
experimental values of heat transfer coefficients to
that expected from equation (1), it can be observed,
fig 2., that the heat transfer falls progressively
below that for simple tirbulent flow:as long as the
acceleration parameter is above a ceftain value, here
marked in figZ. ss 2.4x10™° No sudden chenges in
gtenton Number occurs, but the rate of development
becomes more appropriate to value of tnat defined by
pohlahausen{5)for essentielly & laminar boundary
layer flow :

st=0,352 R, ~012 pr7r®7 (2)

d

During the performed experimentsl analysis it
was possible to provide different values for the
acceleration parameter K in the renge of

2.5x10~6- 5.4x107°

The corresponding values of Stanton numbers were
measured and compared to that predicted from equat-
ions(l) and(2). It was found that . = the boundary
layer flow can be considered essentially turbulent
for K below a value of l.26x10-6, and the measured
values of heat transfer rates were close to that
predicted from Bartzequation{l). For the accelerat-
ion parameter K above the value 3.4x10'6’ the boun-
dary layer flow can considered to become essentially
laminar and the measured heat transfer rates were

close to that predicted from Pohlehausen equation(2).
lieasurements of the heat transfer rates corresponding
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+ 20% in such type of work is acceptable according
to the references in such field of work 1ll.

In addition to the process of laminarization
reducing the heat transfer to the nozzle walls, a

sharp drop of the heat transfer has been found when
the flow becomes supersonic. Lvidence from the mea-
surement results that this change in heat transfer
rates occurs just upstream of tne geome.tric throat,
at & point at which Mach number close to tne wall
will Just be unity, fig.3. The heat transfer rates
at such point is close to the values predicted from
equation (2).

4, THEORETICAL ANALYSIS

In this part, relaying upon the mathematical
modeling of the whole processcs occuring in rockets,
the temperature distribution in the walls of the no-
zzle cun be found by weking use of the imperical eg-
uations obtained from the previous scction.

Firstly, to find tne gas temperature at the
inlet section of the nozzle a simple idealization of
the steady state deflagration of the tubular double
base propellanti8) is followed. We consider that the
propellent burns with a rate "S" whose pressure dep-
endence is represented imperically by the equation :

5=0.3%2 + 0,023 P cm/second,

where P is the chamber pressure in bars, as det-
ermined from the conservation equations for the steady
state combustion and that includes those for mass,
chemical species, and energy 8.

Then by an axisymmetric simulation of flow inside
the nozzles. a (2-D) elliptic equations are found that
considers pressure-velocity (p-u-v) formulations. By
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to values of K in the range l.26x10‘5§K;5.4x10-6

leads to the existence of a progressive change in
the boundary layer shape throughout these values.
As there no discontinuity should be in the S t-
anton number curve during the laminarization pro=-
cess; so a transition equation may he found. By
introducing Krojilini integral equations[5land the
boundary layer shape factori6l, it was possible to
correlate the measurement results by an imperical
equation of the form :
=-0,4
d
for 1.26x10"% k. 3,4x10”

St = AK) R pr0,67 (3)

6

Where the term A(K) is a function of the accelerat-
ion parameter K, and it is mainly dependent on the
rete of distorsion of the boundary lasyer shape. The
functional dependence of such term was found from
statistical analysis of the measurement data to be
of the form :

AK) = 02102 (4)

Fig(2) shows the scattering of the measurement
data with respect to the graphical repsentation of
equations (1) and (2).

However, it must be beared in mind that this
equation represents a step change in Stenton number
during laminarization process. So, as nas been found
from measurements, when thne &acceleration parameters
fall again, there is a contunious transition back
to a turbulent boundary layer. During such transit-
ion, the same equations (3) and (4) fit corre-
ctly the measurement data (However, & difference of



FIRST A.S.A.T. CONFERENCE

PR-1 414 ‘ 14-16 May 1985 ; CAIRO

the use of the Imperial College "TEACH" (Teaching Ellip-
tic Axisymmeric Characteristies Heuristically) computer
program[9], a solution by Gaus-Siedel line by line iter-
ative procedure, . the gas flow parameters along the
nozzle are obtained. The colution scheme depends on wri~
ting the conservation equations for continuity, mouentum,
and energy in two dimensional finite difference form and
solving them simultaneously to find the whole aspects of
the flow. Tne whole solution-procedure is deslt witn in

previous worlk[9] .

The boundary conditions at the nozzle walls can be
described by the following equation[10]:

_a% (r g, ug B(H - Hy))=r 8t O u, (H_, ~H ) (5)

where Hw is the enthalpy of the flowing gases at each
section, @ 1s tue energy-boundary layer tnickness, and
the suffixes e,w, and aw cenote the conditions at the
free stream edge of boundary lsyer, wall conditions, and
adiabatic wall conditions (10] .

The results of solution by TEACH program, and the value
of Stanton number as found from equations (1),(2) or (3)
are introduced into equation(5) to find the nogzleg-wall

temperatures.

Such procedure was applied at three cases concerning
nozzles operating at stagnation pressures of 40,80,znd
120 bar.Fig(4) shows the results for a nozzle operating at
stagnation prescure of 80 bars. The obtained results were
found : .to - . be in agreement with the measured temperat-
ured in the convergent part of the nozzle but it overestim-
ates the actual temperatures near the exhsust section.
However, such difference is mainly due to flow seperation
at such zone and this phenemonon should be dealt with sep-
erately, in the future works. '

’
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Fig. l. THERMOCOUPLES FIXATION ALONG THE NOZZLE

i

= . 2

=
";SFr

1

L

Re

=033
-__}_

[l

| s | |

A

_ M iy |

1A N

L N AREEN
I Y 7 >N I 4 I %
e |\\\!ln o 4 e s v v wuu__ :
T [

w _\W e 0 A i
a -
ey |
BRI
i AT .

(T A e .
By T

| IR

CoAdeas
.

JLavEd X LentvIs

CIENT

COTFFI

\T TRANSFER

A

IVL

COMYECT

10N

VARIAT

~
.-



"y

PR-1 1416

HIAT

INER [CONTOUR N FIRST A.S.A

DEPENDENCE
£0.(0)

PREDICTED

HEASURED

BEPTHLENCL

Fip- 3

B

FREDICTED © AND  KRASURED  HLAT  TRANSFER
COCFFICIENT  ALGHG  TjlE NOZZLE -

T.CONFERENCE
14-16 May 1985, CAIRO

o~

f'l mm

RAWUS

=Y

TIMPERATURES 1N C

i 4
_ = Temp.Prof.from lieas.
EAS FLOW - S
-——=~ Temp.Prof .from Calc.|
- 1’0 o) 30 w3 50 w0
AAL DISTANCE L, mm
Fig. 4. TELPERATUKE PROFILE IN NOZEZLE WALLS.



-

FIRST A.S.A.T. CONFERENCE

[PR-1 417 ‘ 14-16 May 1985 s CAIRO

6.

CONCLUSION
By a study of the main parameters that influence

the structure of the boundary layer flow dong a

convergent-divergent nozzle of a rocket engine, it was
bossible to correlate the heat transfer rates along
such nozzle. This was done by introducing an acceler-
ating parameter K in the imper10dl egyuation utilized
for prediction of the heat transfer coefficients.

Such parameter has been found to be the_source of
suppressing the turbulent boundary layer and reduction
of the heat transfer rates.

Hence, 8 semi-imperical scheme of solution that
finds the tempersture distribution in the rocket walls
was proposed and the found results are acceptable.
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€rsity. The Auther is indepted to Prof.Dr.0Osama Badr
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Nomenclature '

.d:diameter x:distance along the wall
H:enthalpy @:energy thickness
Kiacceleration M:Viscosity

P:Pressure $: Local Gas density

Pr: Prandtl Number

qQ ¢ heat flux Suffixes 3

r : radius d : diameter as ref. dim.
Re: Reynolds Number € : condition at free stream
St : Stanten Number edge of boundary layer

u : Gas velocity component W : wall conditions
parallel to the walls
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