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Experiments on Heat Transfer in a Cryogenic Engine
Thrust Chamber

N. Sugathan,* K. Srinivasan,t and S. Srinivasa Murthyi
Indian Institute of Technology, Madras 600036, India

Tests are conducted on a cryogenic engine using liquid oxygen as oxidizer and gaseous hydrogen as fuel with
water as a coolant. The coolant flow passage of the thrust chamber is of milled channel configuration. Measured
heat transfer results compare well with those predicted by a thermal analysis using the standard Bartz correlation
and the Hess and Kunz correlation for hot gas side and coolant side heat transfer coefficients, respectively. This
confirms the conclusions of a recent theoretical study by the authors in which a comparison of various heat

transfer correlations was made.

Nomenclature
= characteristic velocity, m/s
= specific heat, kJ/kg K
= diameter of cross section, m
= throat diameter, m
= convective heat transfer coefficient, W/m? K
thermal conductivity, W/m K
= Mach number of flow
= mass flow rate, kg/s
= pressure, bar
Prandt]l number
= heat flux, kW/m?
Reynolds number »
= radius of curvature of throat section, m
temperature, K
= wall thickness measured from exposed side, m
= axial distance from throat, m
= absolute viscosity, kg m/s
= specific heat ratio
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Subscripts

a = adiabatic

b = bulk

c = coolant

ch = chamber

g = hot combustion gas
inj = injection

t = total"

w = wall -

0 = stagnation value
1-4 = axial locations as in Fig. 1.

Superscripts
temperature at depth of 1.5 mm on hot gas side
temperature at depth of 0.5 mm on hot gas side
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Introduction

N the thermal design of cooling systems for the thrust
chambers of rocket engines, reliable estimation of the cool-
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ant side and the hot gas side heat transfer coefficients is of
great importance. In an earlier paper,! a critical evaluation
of nine combinations of coolant side and hot gas side heat
transfer correlations was carried out by the authors. By com-
paring it with limited published experimental data on engine
cooling, it was found that the Hess and Kunz correlation??
for the coolant side heat transfer coefficient and the standard
Bartz correlation® for hot gas side heat transfer coefficient,
are suitable for thermal design of regeneratively cooled cryo-
genic engines. However, it was felt that a detailed experi-
mental verification was essential. In this article, such a study
is presented with gaseous hydrogen as fuel, liquid oxygen as
oxidizer, and water as the coolant. The present study also
confirms the earlier contention that the above-mentioned pair
of heat transfer coefficients is the best suitable for carrying
out the thermal design.

Experimental Ground Test Setup

The configuration of a scaled model for static testing of the
cryogenic engine is shown in Fig. 1, and the details are given
in Table 1. The walls of the thrust chamber of this engine are
made of a milled channel copper substrate enclosed in a stain-
less steel outer shell. The two materials are bonded together
by vacuum brazing. Coolant entry and exit manifolds of the
engine are tig-welded. A 16-element coaxial injector is used
for admitting the fuel, gaseous hydrogen (GH2) and the ox-
idizer, liquid oxygen (LOX). A rigimesh porous face plate is
used to provide transpiration cooling.
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Fig. 1 Engine configuration.
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Table 1 Configuration of the subscale engine

Table 2 Details of instrumentation

Sea level chamber area ratio 8.46
Characteristic length 84 cm
Nozzle contraction area ratio 3.09
Nozzle extension H2 dump-cooled from area ratio
8.46-140
Injector Coaxial multielement type with 18
elements
Igniter Centrally mounted electrical type
with preburner
No. of coolant channels 40
Cylindrical Nozzle
Coolant channel geometry portion Throat exit
Chamber wall thickness, mm 1.5 1.0 2.0
Channel width, mm 4.0 1.4 7.4
Channel height, mm 1.5 2.0 1.0
PG PG (HPG PG
@ = ¢ v BY iy F
r oy > H oal
PR % HE 3] PREAPT I
CIPT (sv LN)
1 U ]sv

TV RV Ry
BY H 0 0 cv
: s

e
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%
)\ LOX GH,

RUN RUN
TANK TANK

COOLANT
WATER INLET

COOLANT OUTLET

HE-LN,cooled heat exchanger(only for cryo GH,test}
F -Filter
OR-Orifice/Flow meter
L - Level indicator

CV-Check vaive
RV-Relief valve
VV-Vent valve
QC-Quick connector
SV- Start valve

PR~ Pressure regulator

PG- Pressure gauge
PT- Pressure transducer
BV- Ball valve

Fig. 2 Schematic of test setup.

A schematic diagram of the engine test setup is shown in
Fig. 2. The experimental facility includes test stand structure,
propellant feed system, auxiliary fluid circuits, and instru-
mentation. The test stand structure supports the engine in the
horizontal position and the thrust is transmitted to it through
suitable load cells. The propellant feed system consists of GH2
and LOX subsystems. Each subsystem is composed of facil-
ities for pressurization, filling, draining, cool down, purging,
and monitoring of various parameters. Other main compo-
nents of the test facility are the high-pressure run tank for
storing GH2 and the superinsulated LOX tank. LOX is trans-
ferred to the engine by an oxygen gas pressurization system.
The liquid feed lines are insulated with polyurethane foam.
Helium gas is used for the pilot pressure source for regulator
and also command pressure to cryogenic valves.

Locations of temperature, pressure, and flow transducers
on the engine hardware are also shown in Fig. 1. Pertinent
details of instrumentation are given in Table 2. Platinum
resistance sensors are used for fuel and oxidizer temperature
measurement. Thermocouples are used for coolant and cham-
ber wall temperature measurement. In four axial positions of
the chamber identified in Fig. 1, three thermocouples each

Pressure transducers
Type Thin film/strain gauge
Accuracy class +0.5%

Temperature transducers
Thermocouple types Copper-Constantan and

Chromel-Alumel

Gauge 24 swg
Resistance temperature devices (RTD)
Type Platinum resistance
Sensitivity 0.00395 Q/°C
Response time 100/300 ms
Accuracy 0.75% or 1%
Flowmeters .
Type Turbine
Accuracy 0.15%
Digital panel meter (DPM) .
Type Duel slope integrating type
Display 3.5 digit
Accuracy +0.1%
Table 3 Test conditions
Parameter . Value
Chamber pressure 10 = 0.2 bar

+
LOX injection pressure and tempera- 10 + 0.2 bar and 90 K
ture
GH2 injection pressure and tempera-
ture
Injection velocity ratio (fuel/oxidizer) 41
LOX flow rate 0.58 = 0.01 kg/s
GH2 flow rate 0.097 = 0.0002 kg/s
Coolant water flow rate 6 kg/s
Coolant temperature 310 K .
Nominal firing time 50 s (test 1)
200 s (test 2)

14.5 = 0.2 bar and 300 K

Hot exHosed Inner milled
wall 5 em - chamber (Cu)

sensor sensors

Fig. 3 Temperature probe locations.

are installed as shown in Fig. 3. High precision in locating
the thermocouples is ensured by the use of a computerized
numerically controlled milling machine to drill the holes. The
thermocouples are spot-welded to the flat bottom of the holes.

Experimental Procedure

The engine is tested in a pressure-fed mode for a 50- and
200-s duration. The test conditions are given in Table 3. The
propellant flow rates, and thereby the combustion chamber
pressure, are maintained constant during both tests by setting
the injector upstream pressures at predetermined values. Also,
the water flow rate is maintained at 6 kg/s during tests. This
is achieved by calibrating the entire coolant line with the
engine hardware prior to the test.

Tests are conducted according to a predetermined test se-
quence. Countdown starts 30 min before the start of engine
ignition, and ends 10 min after the engine firing. Steady con-
ditions are observed about 10 s from the start. Data obtained
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from the experiments are used in the thermal analysis for
making a comparison with the predictions made based on the
authors’ earlier paper.’

Calculation Procedure

Heat transfer calculations using the measured temperature
data are done considering one-dimensional, steady-state heat
conduction in the radial direction as already described by the
authors.!

Considering the wall thickness and rib-effect in heat trans-
fer, the coolant side wall temperature 7, . and exposed wall
temperature T,, , are extrapolated using measured tempera-
tures inside the wall. Here, the temperature gradient in the
ribs between coolant channels is taken as linear.

For instance, near the inlet point of coolant, the measured
values of temperatures are

T, = 440 K
T.,, = 410K
T.,=310K

and the extrapolated temperatures are

T,, = 460 K
T,.= 400 K

Making use of one-dimensional, steady-state heat conduc-
tion equation in the copper shell in the direction of local radius
of curvature, the local heat flux is calculated as

q=rk(T,,— T,

M
= (0.35 x 60)/0.0015 = 14 x 10° kW/m?

Also

q= hg~t(Tw,a - TW.g) (2)

which yields
h,, = 476 kW/m? K

where T, ,, the adiabatic wall temperature of gas stream at

the location, is calculated using
T,.=T, + (Ty — T)®%r 3)

where @, is the boundary-layer recovery factor which varies

from 0.9 to (.99 depending on the Prandtl number of the
flowing gas. Equation (3) is a modification of standard equation*

Tw‘a = Tch(I)R (4)

This modification is done to account for the influence of static
gas temperature T, which is calculated from Ref. 4

T, = T,/[1 + Mz — 1)2] (5)

In the present work T, the adiabatic combustion tempera-
ture, which is a function of mixture ratio (O/F = 0.6) and
chamber pressure, is taken from Ref. 8. T, , calculated the
same way is equal to 3398 K.

Also, by considering heat balance in one-dimensional steady
state

q=h(T,.—T) (6)
whereby
h, = g/(T,. — T) )
= 155 kW/m2 K

Results and Discussion

Figures 4-7 present the pressure and temperature data ob-
tained during the 50-s engine test, and Figs. 8~11 show similar
data obtained from the 200-s engine test. The combustion
chamber pressure during both the tests was maintained at 10
bar. This was achieved because pressure drops of both pro-
pellants in injectors could be predicted accurately, and the
coefficient of discharge for both propellants were known pre-
cisely. The temperatures recorded from the inner copper shell
at different radial depths from the surface exposed to hot gas
show similar trend. Temperatures are transient up to 10 s
from the start of engine firing before steady state is attained.
Other properties of the combustion product remain constant;
the heat transfer coefficient in the hot gas side is a function
of chamber pressure only.
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Fig. 4 Pressure variation as a function of time in test 1.
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Fig. 5 Wall temperature variation as a function of time in test 1 at
0.5-mm depth.

450 Tw.3
| 7;1,17 To.2 ]
-~ 1 4
540(”— ; o
w Tw,A
E
2
o
o
£ 3504
&
TEST-1
300 1 : | 1 | ) 1 ) L
0 10 20 30 40 50 60

Firing time (s)

Fig. 6 Wall temperature variation as a function of time in test 1 at
1.5-mm depth.
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Fig. 7 Coolant temperature variation as a function of time in test 1.
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Fig. 9 Wall temperature variation as a function of time in test 2 at
0.5-mm depth.

The experimentally determined hot gas side heat transfer
coefficients are compared with the standard Bartz correlation*

h, = (0.026/D%2)(u02c, ,/ProS)(PIC)*3(D*/r.)*)(D*/D)"¢
(8

where ¢ is the correction factor for property variation across
the boundary layer, given by '

b = [1 + M3z — 1)2] °240.5 + 0.5(T,, /To)
[l = M2(r — D)2} )

P is the chamber static pressure measured at an axial location
of 50 mm from the coolant inlet as shown in Fig. 1. C is
calculated at stagnation conditions as given in Ref. 4.

The coolant side heat transfer coefficients derived from the
experiments are compared with the Hess and Kunz correla-

tion?3
h, = (k.,/D)[0.0208Re22Pr24(1 + 0.01457w,,/m,)]  (10)

As seen in Fig. 12, h, derived from tests, closely matches
with the predictions from Eq. (10). The Sieder-Tate correlation*
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Fig. 10 Wall temperature variation as a function of time in test 2 at
1.5-mm depth.
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Fig. 11 Coolant temperature variation as a function of time in test 2.
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Fig. 14 Comparison of temperatures at various locations.

overpredicts the heat transfer coefficient, whereas, the Na-
tional Aerospace Laboratory (NAL), Japan correlation® un-
derpredicts the heat transfer coefficient. Similarly, the values
of h, derived from test data match well with the predictions
of Eq. (8) as shown in Fig. 13. Both modified Bartz” and
NAL¢ correlations underpredict the gas side heat transfer
coefficient. Coolant and wall temperature variations predicted
from the one-dimensional thermal analysis! using the pair of
standard Bartz, and Hess, and Kunz correlations are com-
pared with measured values in Fig. 14. In the case of tem-
peratures, the deviations are within +10.7% to —1.8%.

Conclusions

Test results obtained on a cryogenic engine with water as
coolant match well with the predictions made from a one-
dimensional thermal analysis using the standard Bartz equa-
tion for the hot gas side heat transfer coefficient, and the Hess
and Kunz correlation for the coolant side heat transfer coef-
ficient. It is suggested that this pair of correlations may be
used for the thermal design of thrust chambers.
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