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Laboratory Testing of a Gas Turbine Vaporizer

C. E. Polymeropoulos,* V. Sernas,* and S. Sabadicst
Rutgers University, Piscataway, New Jersey 08855

A laboratory test apparatus was constructed for assessing the metal temperature and the state of different air-
fuel mixtures at the outlet of a gas turbine vaporizer fuel injector. The performance of the apparatus was accord-
ing to the imposed requirements for idle engine operation. Fuels tested were JP5, JP7, and Diesel Fuel Marine.
Data consisted of vaporizer metal temperatures, inlet and exit mixture temperatures, as well as power input to
the vaporizer. Photographic observations of the exit mixture showed that the liquid phase consisted of droplets,
ligaments, as well as irregularly shaped particles originating as pendant droplets around the vaporizer exit. There
was no observable difference between the results for JP5 and JP7. The liquid exit temperature, however, for
these two fuels appeared to be lower than that for the diesel fuel. The computed extent of vaporization was in
qualitative agreement with the experimental observations.

Nomenclature
A = area
C = constant in Eq. (A5)
cp = specific heat at constant pressure
d = graphite insulation thickness
Fy = configuration factor, or fraction of radiation leaving

surface / that is directly intercepted by surface j
Fkj = same as Ftj
k = thermal conductivity of vaporizer metal
L = latent heat of vaporization
m = mass flow rate
q = rate of heat input
q" = heat flux
T = absolute temperature
d = Kronecker delta
e = emissivity
a = Stefan-Boltzmann constant

Subscripts
a =air
b = base
e = enclosure box, Fig. Al
/ = furnace cavity
fu = total fuel flow rate
g =vapor
/ = t, f , b, s, r for top, front, base, side, and rear sur-

face, respectively
j = same as /
k =t,f,s,r for top, front, side, and rear surface of the

vaporizer, respectively
f = liquid
p = window purge air
r = reference state
v = vaporizer
M> = wall or cooling water
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I. Introduction

A N alternative to fuel injectors, which break up and
atomize the fuel upon introduction into a gas turbine

combustion chamber, is a fuel vaporizer. Such devices
are aimed at heating the fuel to a sufficiently high temperature
so that significant or complete vaporization occurs before
combustion. This is accomplished using a fuel injection system
consisting of a set of curved vaporizer tubes projecting into
the combustion chamber. Through this vaporizer tube, a mix-
ture of compressor air and liquid fuel is introduced into the
primary zone. The liquid is supplied at the vaporizing tube en-
trance at practically combustion chamber pressure, and
breakup into particles occurs inside the vaporizer through in-
teraction with the air stream and impaction with the tube
walls. Breakup occurs also in the outside shear flow region at
the vaporizer exit. The vaporizer tube is exposed to the hot en-
vironment of the primary zone and reaches a fairly high tem-
perature through convective and radiative heating. This results
in significant fuel vaporization inside the vaporizer so that the
exiting mixture consists of liquid, air, and fuel vapor. A
description of different types of such vaporizer fuel injection
systems and their historical development can be found in Refs.
1-5. The effects of compressor outlet temperature, air to fuel
ratio, combustor pressure, and vaporizer tube surface temper-
ature on the extent of vaporization have been qualitatively
assessed by Low6 and Jasuja and Low.7 The conclusions
reached from the previous studies are that both the airstream
and the hot walls contribute to fuel vaporization and that the
degree of vaporization depends on the engine operating condi-
tions. In fact, for the vaporizing tube to survive the high com-
bustor temperatures, it is probably necessary that a fraction of
the fuel remains in liquid form to provide cooling of the tube
material. In that respect the name "vaporizer" may be a mis-
nomer, because the device is not expected to provide complete
vaporization for all operating conditions. However, in the
present work, following previous publications, we will refer to
such a fuel injection system as a vaporizer.

Except for some measurements of vaporizer metal tempera-
ture using temperature-sensitive paints,5 obtained using an en-
gine mounted vaporizer, there are no data in the open litera-
ture relating fluid and metal temperatures to the overall heat
transfer rate and the degree of vaporization, because of the
difficulties involved with measurements in a hostile engine en-
vironment. The work described in the present paper was the
first attempt in obtaining such data for an F402 type-L vapori-
zer used in the Pegasus engine. The experimental work, which
has been described in Ref. 8, involved heating a single vapori-
zer in a laboratory noncombusting environment and simulat-

673



674 POLYMEROPOULOS, SERNAS, AND SABADICS J. PROPULSION

Table 1 Vaporizer test conditions for idle operation8

kg/s
kg/s

Air mass flow rate through vaporizer 5.90 x 10 2

Fuel mass flow rate 6.46 x 10 ~3

Vaporizer pressure 186 kPa
Inlet air temperature 372 K
Inlet fuel temperature Ambient
Maximum vaporizer surface temperature 1000-1153 K
Average vaporizer surface temperature 753-853 K
aFurnished by Rolls-Royce, Inc., Atlanta, GA.

ing idle engine operation heat transfer rates. Separate runs us-
ing water as the fluid through the vaporizer were used as an
aid to heat balance calculations for estimating the degree of
vaporization.

II. Experimental Apparatus and Procedure
Table 1 shows experimental conditions required for simulat-

ing vaporizer idle operation in the Pegasus engine. Idle condi-
tipns were chosen because of the relatively low pressure capa-
bility of the experimental equipment used. Laboratory testing
under such conditions was carried out using the apparatus and
procedure described in the following sections.

A. Vaporizer Test Section
Figure 1 shows a schematic diagram of the vaporizer. Air

and liquid fuel entered concentrically, and the resulting mix-
ture exited in the opposing direction after turning through the
two 90-deg bends. The inside diameter of the fuel tube and the
vaporizer were approximately 0.32 and 2.3 cm, respectively.
The distance between the fuel inlet and the centerline of the
first bend was approximately 6.8 cm, and the centerline dis-
tance between the two bends was 4,8 cm. During engine opera-
tion, part of the inlet air is passed through a cooling shroud
and is discharged into the combustion chamber. For the pres-

ent experimentation, however, the shroud air was discharged
outside the test chamber by welding shut the annular shroud
exit and attaching a separate discharge tube as shown in Fig. 1.
The outside wall temperature of the vaporizer was monitored
using three type-B (platinum-6% rhodium, platinum-30%
rhodium, 0.25-mm-diam wire) grounded thermocouples,
Tvl-Tv3, which were welded on the surface at the locations
shown on Fig. 1. Tvl monitored the temperature at the vapori-
zer exit, Tv2 was located at the position of an expected recir-
culation region at the first bend, and Tv3 monitored the tem-
perature at the expected colder underside of the vaporizer. A
limited number of experimental runs using an additional ther-
mocouple located at the second bend opposite Tv2 showed es-
sentially the same temperature as Tv2.

Part of the experimentation required observation of the
mixture exiting the vaporizer. This was accomplished using a
sight tube with windows for still photography using a colli-
mated light beam from a 17 ns pulsed ruby laser. A stream of
heated air was used to continuously purge the windows from
stray liquid particles, whose presence required masking the
viewing area to 0.6 x 2.3 cm.

The test section pressure was monitored using static pres-
sure taps upstream and downstream of the vaporizer, and
the upstream air and fuel temperatures were measured using
thermocouples Tal and T(l, respectively, at the vaporizer inlet.
A bare thermocouple T2 was also positioned at the center of
the 3.8-cm exhaust tube which was welded on the downstream
side of the sight tube as shown in Fig. 1. The significance of
temperature readings obtained using a thermocouple junction
within a two-phase mixture, such as that exiting the vaporizer,
is not clear. To reduce the ambiguity, the thermocouple junc-
tion was placed at the center of a shield consisting of a half
cylinder, 3 mm in diam and 4 mm long, placed as shown in
Fig. 1. It was found that rotating the shield for the concave
part to face in the upstream direction did not alter the temper-
ature readings. These thermocouple readings were therefore
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Fig. 1 Schematic diagram of the test section showing thermocouple location.
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Fig. 2 Flow diagram of the test cell.

considered to represent closely the temperature of the liquid
phase (r-2> in the exiting mixture, because under test condi-
tions the half cylinder was presumably filled with liquid that
coated the thermocouple junction.

B. Air and Liquid Supply Systems
Figure 2 shows a schematic diagram of the principal compo-

nents of the air and liquid supply systems. Constant air mass
flow rate was maintained using a critical orifice, and the air
temperature was controlled electrically. The liquid supply con-
sisted of a separate tank, pump, and flow meter for each fluid.
The test section pressure was adjusted using a pressurizing
valve, and the mixture leaving the test section was quenched
using water injection downstream of the test section. Liquid
droplets were separated from the gaseous phase at the exit us-
ing the separator shown in Fig. 2. For the present tests, the li-
quids used were JP5, JP7, Diesel Fuel Marine (DFM) [fur-
nished by the Naval Air Propulsion Center (NAPC), Trenton,
New Jersey; JP5 is NAPC fuel no. 9, JP7 is NAPC fuel no.
16, and Diesel Fuel Marine is NAPC fuel no. 17], and water.

C. Vaporizer Heater
Heat addition to the vaporizer was accomplished using ra-

diant heaters arranged to form a heater cavity around the
vaporizer as shown schematically in Fig. 3. The heating ele-
ments were constructed by cutting 4-mm-thick graphite plates
to form continuous flat ribbons approximately 1 cm wide. The
plates were supported between graphite posts to form a six-
sided enclosure as shown in Fig. 3. The heater plates were 15
cm high, and the total heater area was approximately 800 cm2.
The top of the heater cavity consisted of a sheet of oxidized
molybdenum that was electrically insulated from the heaters.
A water-cooled, insulated brass rectangular cover was placed
over the heater assembly to isolate the heaters from the en-
vironment, and for containing the flow of nitrogen gas neces-
sary for maintaining an oxygen-free atmosphere around the
graphite heaters. The brass base of the furnace cavity was also
insulated and water cooled. Electrical power was provided us-
ing a single phase zero angle fired SCR power supply rated at
35 kW. The temperature was monitored using a bare type-B
thermocouple placed between the radiant heaters.

HEATER PLATES
POSTS WITH

ELECTRICAL CONNECTIONS GRAPHITE POSTS

VAPORIZER

BRASS BASE

SIGHT TUBE WINDOW SIGHT TUBE

Fig. 3 Schematic diagram of the radiant heater plates in relation to
the vaporizer.

D. Experimental Procedure
The experimental procedure consisted of two parts. The

first involved operation using water-air mixtures at different
water flow rates and various radiant heat inputs to the vapori-
zer. Using the conditions that resulted in almost complete
vaporization, it was then possible to obtain a calibration curve
of rate of energy input to the test section as a function of fur-
nace temperature. The second part of the experimentation in-
volved using air-fuel mixtures with the system adjusted to
yield conditions shown in Table 1. To provide a common basis
of comparison among the fuels tested, the experimentation
was carried out for the same rate of vaporizer heat input,
which was chosen to yield the vaporizer conditions in Table 1.

III. Experimental Results and Discussion
A. Furnace Calibration Using Water-Air Mixtures

At a given furnace temperature, almost complete vaporiza-
tion of the liquid water injected could be achieved by reducing
its flow rate to a sufficiently low value. This was checked using
photographic records of the exiting mixture, such as those
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3.0

b)
Fig. 4 Vaporizer with air-water mixture flowing: a) Ta\ = 372 K,
ma = 0.0012 kg/s, b) Tv = 646 K, 7> = 1663 K. Flow direction is from
top to bottom; vaporizer exit is 2.3 cm in diameter. The four focusing
wires are 200 j*m in diameter; the distance between each of the two
pairs is 7.5 cm in the beam direction. Horizontal interference pattern
is due to diffraction from optical masks near the windows.

shown in Figs. 4a and 4b for an unheated and a heated vapori-
zer, respectively. For completely evaporated mixtures, the
outlet thermocouple measures the true mixture temperature.
This enables calculation of the energy input to the vaporizer
provided the mixture properties are accurately known. For the
air-water mixtures employed, Fig. 5 shows the computed rate
of energy input plotted against the measured furnace tempera-
ture. Within the range of temperatures used, this can be well
correlated by the relationship

q = 2.3 x 10-13 x (Tf
4 - Tv

4) (1)

where q (kW) is the rate of radiant energy input to the vapori-
zer, and Tp Tv are the furnace and the mean vaporizer tem-
peratures, respectively. Equation (1), which implies radiation
from a large enclosure and no convective heat loss, was used
to compute the input heat rate to the vaporizer and to set the
furnace temperature during subsequent experimentation.
Equation (1) was checked analytically by estimating the rate of
radiant energy input to the vaporizer. The calculation method
is outlined in Appendix A with results that are practically in-
istinguishable from those predicted by Eq. (1).

B. Temperature Data
Using the experimental apparatus and procedure previously

described, a series of tests was carried out using the three
fuels, JP5, JP7, and DFM. Results of the principal tests are
shown in Table 2, for which the heating rate to the vaporizer
was set at approximately 2.5 ± 0.2 kW (obtained by using a
furnace temperature around 1863 K). As is shown in Table 2,
this resulted in maximum and arithmetic mean vaporizer tem-
peratures that were within the range of values expected in idle
operation (see Table 1). Higher temperatures were possible but
were avoided because they required conditions that were close
to the allowable limit of the type-B thermocouple wire used.
Comparison of the JP5 and JP7 temperature results shows no
significant difference, although those for the latter fuel appear
to indicate slightly higher vaporizer and exit temperatures.
The DFM temperature results indicate a significant increase in
exit temperature and a slight decrease in vaporizer tempera-
ture.

The temperatures in parentheses in Table 2 are estimates of
the vaporizer inside surface temperature, and were obtained
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(Tf4 - Tv
4) x 10-12, K4

11 12

Fig. 5 Rate of energy input of the vaporizer for various furnace
operating conditions.

Table 2 Experimental data for idle vaporizer conditions8

Vaporizer temperature, Kb

Fuel
JP5

JP7

Diesel Fuel
Marine

q, kW
2.5

2.5

2.5

TVI
624

(605)
631

(612)

645
(626)

Tv2

957
(938)
971

(952)

906
(887)

TV3
761

(742)
782

(737)

753
(734)

Tv

780

794

768

Tai
372

372

372

Ta2

385

384

393

alnlet conditions are those in Table 1.
bNumbers in parentheses are computed inside surface temperatures.

using the thickness and mean thermal conductivity of the
vaporizer material, the mean heat flux, and the measured
mean metal surface temperature. It is interesting to compare
these temperatures with approximate distillation ranges for
the fuels tested, which are 450-561, 464-517, and 455-616 K
for JP5, JP7, and DFM, respectively. The relatively large dif-
ference between the metal and distillation end point tempera-
tures suggests that liquid vaporization can be expected for the
fuel particles that impinge on the metal. The data in Table 2
also show that the exit temperature T2 is higher for DFM,
which has a higher boiling point range. As previously men-
tioned, T2 is probably close to the liquid temperature (Tn),
which should be expected to increase as the boiling range in-
creases, because the liquid can be heated to a higher tempera-
ture before it will evaporate.

The relative magnitude of the measured temperatures Tvl,
Tv2, and Tv3 can be used to reflect different processes inside
and outside the vaporizer. Thus Tv3 at the underside of the
vaporizer tube (see Fig. 1) was the lowest temperature
measured because it faced the base plate which was unheated.
The highest temperature was registered by Tv2 on the top sur-
face because it was exposed to the highest heat flux as is shown
in Appendix A. In addition, there is the possibility of a recir-
culating region at the corner where the thermocouple Tv2 is
located. A recirculation region would result in increased fluid
temperature as well as heat release due to chemical reaction
between the fuel vapor formed in this region and oxygen in the
air stream. More definite conclusions in this matter require,
however, a larger number of temperature measurements of the
vaporizer metal.

C. Photography
Direct photographs of the exiting mixture were taken using

the previously described photographic system in order to 1) ex-
amine the nature and size of liquid particles and 2) attempt an
assessment of the degree of vaporization at the conditions
tested. Figures 4a and 4b, which were already mentioned with
regard to calibration using water, show the difference in liquid
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b)

Fig. 6 Vaporizer with: a) JP7-air mixture flowing at conditions
shown in Table 1; b) heating as in Table 2. Flow direction, scale, and
focusing wires are the same as for Fig. 4.

vaporization between an unheated and a heated vaporizer.
Similarly, comparison of Figs. 6a and 6b for JP7 fuel suggests
that some vaporization is present, as is evidenced by the
reduced number and size of liquid particles. Examination of
Figs. 4a, 6a, and 6b shows that the liquid exiting the vaporizer
consists of droplets, ligaments, and large irregularly shaped
particles. Some of these particles appear to be shed-off liquid
pendant drops that form intermittently at the exit lip and are
then sheared off by the gas stream, forming ligaments that
break down to droplets. It is not possible to quantify or com-
pare the size of these particles for different fuels or operating
conditions except in a qualitative fashion. A measure of size
and depth of field is given by the four 200-jum-diam focusing
wires visible in the photographs. The wires were placed in two
pairs and at a distance of 2.5 cm apart in the light beam direc-
tion on each side of the vaporizer. The 0.6-cm size of the view-
ing window in the flow direction was not sufficient to record
the complete disintegration process of the liquid.

Photographs of JP5 air mixtures were very similar to those
for JP7 in Figs. 6a and 6b. For the case of DFM, however, in-
creasing the vaporizer temperature resulted in complete
obscuration of the flowfield at a relatively low rate of heat in-
put to the vaporizer. We believe that obscuration was proba-
bly the result of the presence of a large number of very small
liquid droplets, which were formed by condensation of the hot
fuel vapor (generated from vaporization of the liquid in con-
tact with the vaporizer walls) as it mixed with the colder bulk
flow of gas and was cooled below the saturation temperature
of the fuel-vapor mixture. Some obscuration was noticed us-
ing JP5 and JP7, and none was noticed with water.

D. Extent of Vaporization
Equation (B6), derived in Appendix B, can be used to esti-

mate the limits of vaporization for the experimental condi-
tions tested. Using this equation requires the temperatures of
the gas and liquid streams at the vaporizer inlet and exit. As
previously discussed, the exit thermocouple temperature T2 is
taken to be the liquid temperature Tn. However, the exit gas
temperature Ta2 is not known, thus requiring calculations with
this quantity as a parameter. Use of Eq. (B6) also requires the
appropriate fluid property relations as well as the heat transfer
rate which is computed from Eq. (1). Figure 7 shows results
computed for JP7 using data from Table 2, and for water us-
ing data corresponding to Fig. 4b. For the purpose of this
calculation, there was no appreciable difference between the
extent of vaporization of JP7 and JP5. Lack of relevant prop-
erty information on DFM prevented similar calculations for
this fuel.

For each of the two fluids, JP7 and water, Fig. 7 shows the
extent of vaporization for different exit gas temperatures but

0.0
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Fig. 7 Extent of vaporization for different gas exit temperatures.
Dotted lines show measured liquid exit temperatures.

for fixed exit liquid temperatures, Ta = T2, designated by the
dotted lines in the figure. Thus, for water, using an exit liquid
temperature of 384 K, the degree of vaporization varied from
0 to 100% as the exit gas temperature changed from approx-
imately 392 to 350 K, meaning that complete vaporization
should be expected if the exit gas temperature is near 350 K.
This is in agreement with the photographic evidence in Fig. 4b,
which shows that for complete vaporization the measured exit
liquid temperature was 348 K. Knowledge of the exit stream
temperature allows computation of the fraction of energy for
liquid heating and vaporization contributed by the vaporizer
walls and by the air stream. For the completely vaporized air-
water mixture, these were approximately 56 and 44%, respec-
tively, while 80% of this energy was used for the phase
change. The large fraction of energy contributed by the air-
stream accounts for the actual decrease in air temperature
across the vaporizer from 372 to 348 K.

The results for JP7 in Fig. 7 were computed for an exit li-
quid temperature of 384 K, which was equal to the measured
value T2. They show a calculated extent of vaporization from
0 to 100% as the exit gas temperature was varied from approx-
imately 392 to 365 K. A qualitative assessment of the actual
exit gas temperature for the JP7 example can be made by com-
paring the experimentally observed low extent of vaporization
evident by the photograph in Fig. 6b with the range of gas
temperatures in Fig. 7 that result in low vaporization. Thus,
from Fig. 7 for less than 50% vaporization, the exit gas tem-
perature is larger than 375 K, and for less than 25% vaporiza-
tion, it is larger than 385 K. This leads to the conclusion that
for the test conditions in Table 2 for JP7 the gas exit tempera-
ture was probably close to or larger than 384 K, which was the
temperature measured by the exit thermocouple T2. Because
the inlet air temperature was 372 K, it appears that for this
case the air actually increased in net sensible energy across the
vaporizer. This is because the boiling point range of JP7 is
higher than the inlet air temperature used, allowing for heat-
ing of the liquid to a temperature greater than that of the air,
followed by heat transfer to the air stream. Additional planned
experimentation with higher inlet air temperatures than those
used in the present work is expected to provide data on this
point.

IV. Conclusions
Experimental apparatus was constructed simulating heat

transfer to an F402 vaporizing fuel injector at air and fuel con-
ditions corresponding to near idle operation of the Pegasus en-
gine. The fuels tested were JP5, JP7, and DFM, for which av-
erage vaporizer outer metal temperatures recorded were in the
range of 768-794 K, with maximum metal temperature in the
range of 906-971 K requiring power input in the vicinity of 2.5
kW. The inside surface temperature of the vaporizer was esti-
mated to be considerably higher than the liquid boiling points
suggesting significant vaporization of the liquid impinging on
the solid surface.
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Photographic observation of the exit mixture showed drop-
lets, ligaments, and irregularly shaped particles; however, the
size of the viewing windows was not sufficient to record the
complete disintegration of the liquid particles. Comparison of
the exit stream with and without vaporizer heating showed
that, at the conditions tested, there was fuel vaporization pres-
ent. Estimates of the extent of vaporization were carried out
using the exit gas temperature as a parameter. These were also
used to set a lower limit on the exit gas temperature for the
JP5 and JP7 mixtures tested. At the engine idle air inlet condi-
tions for the three fuels tested, there was negligible net contri-
bution by the airstream to the overall fuel heating process. For
air-water mixtures, however, estimates of the fraction of en-
ergy transfer to air-water mixtures showed that, for incipient
complete vaporization, almost half of the energy required was
furnished by the airstream resulting in a gas temperature drop
across the vaporizer.

Extension of the present experimental work will include
measurements using high inlet air and liquid temperatures
with more instrumentation on the vaporizer and the fluid
streams. This will provide the basis for more detailed analysis
of the heat transfer processes involved.

Appendix A: Radiant Energy Input to the Vaporizer
An assessment of the energy input to the vaporizer is impor-

tant in order to confirm uniformity of irradiation and also to
justify use of Eq. (1) for the experimental determination of the
total energy input. For this purpose, a radiant heat exchange
analysis was carried out for the combined enclosure consisting
of the vaporizer, the heater cavity, and the insulated enclosure
box, which are shown schematically in Fig. Al. Specific
assumptions to simplify the analysis were as follows:

1) The vaporizer was approximated by an isothermal rectan-
gular parallelepiped with the same height and equivalent over-
all area (63 cm2) as the actual vaporizer. The outside surface
of the vaporizer exchanged radiant energy with the surfaces
and the base of the heater cavity and lost heat by convection to
the two phase mixture flowing inside.

2) The graphite heater cavity was also approximated by a
rectangular parallelepiped with height equal to the heater
height and with sides parallel to the vaporizer (see Fig. Al).
The front and top surfaces were assumed to be in radiant bal-
ance (consistent with the fact that they were unheated),
whereas the rear and two sides were electrically heated and
equal in temperature to that recorded by the type-B thermo-
couple at the center of the heater cavity. The bottom surface
of the heater cavity (between the vaporizer and the heater

walls) was subject to conduction heat loss because it was part
of the enclosure box that was water cooled on the outside.

3) The ratio of enclosure box area to heater cavity area was
approximately 8.3, and the heater was assumed to be located
in a large enclosure of equivalent temperature Te and total
area Ae.

4) The inside surface of the enclosure box as well as the base
was covered with a layer of graphite insulation approximately
10 mm thick. All surfaces participating in radiation heat ex-
change, except for the vaporizer, were therefore black.

5) For the purpose of estimating the resulting rate of heat in-
put to the vaporizer, its emissivity was taken to be e = 0.8.

6) Heat exchange by convection was considered negligible
compared with that by radiation in view of the low nitrogen
flow rate through the heater cavity.

7) The outside surface of the enclosure box was equal to the
mean cooling water temperature (Tw = 340 K).

8) The heat transfer to the vaporizer was small compared to
the total heat generated by the heaters. In the process of com-
puting the temperature of the unheated surfaces of the heater
cavity, heat transfer to the vaporizer was therefore neglected.

Subject to the preceding assumptions, the following heat
balance can be written for each of the i surfaces of the heater
cavity:

EF0 (Tf - 7}4) + (1 - bib)(T? - re
4)

+ dib (k/d)(Tb - Tw)

= <7, (1 - «»)(! - $,/)(! - dit) j = ',/, b, s, r (Al)

where Fu represents the configuration factors, T, and 7} are
the temperatures of surfaces / andy, respectively, qt is the rate
of electrical heat input, du is the Kronecker delta, a is the
Stefan-Boltzmann constant, and k and d are the thermal con-
ductivity and thickness of the graphite insulation at the base
surface of the heater. Tb is the base surface temperature, and
Tw is the cooling water temperature. The top (0, front (/), and
bottom (b) surfaces are in the radiant balance, the bottom sur-
face is losing heat by conduction, and the rear (r) and two side
surfaces (s) are heat generating. Except for the bottom sur-
face, the remaining heater surfaces exchange radiant energy
with the enclosure box, which is at temperature Te. The heat
transfer between the enclosure box and each of the surfaces of
the heater cavity is therefore given by

A9(T.-Tw)(k/d)=LA,(Tj*-T.4) j = tJ,S>r (A2)

where account is taken of the fact that the bottom surface (/' =
b) of the heater cavity does not see the enclosure box. Equa-
tions (Al) and (A2) can be solved for the unknown tempera-
tures Tft Tr, Ts, Tb, and heat generations qr and qs given the
geometry (see Fig. Al), the measured water temperature TW9
and the heater temperatures Ts and Trt which are assumed to
be equal to the measured temperature at the center of the
heater cavity.

The irradiation q£ of each of the vaporizer surfaces is given
by the following relation:

qf = a EFkJ Tf j = /,/, fc s,- r (A3)

where qf stands for the heat flux to each of the k = t, /, s, r ir-

Table Al Computed heat transfer to the vaporizer

Fig. Al Schematic diagram of vaporizer, heater cavity, and enclo-
sure box used for radiant energy input estimations. Dimensions in cm
are as follows: a = 6.9, b = 14.2, c = 25.0, d = 2.4, e = 5.7, f = 20.0,
g = 2.5, h = 14.0, i = 30.0.

TV, K
qf, kW/m2
Qs
Qr
Qf
q. kW
C, kW/K4 x 1013

1860
651
493
461
433
2.67
2.27

1760
520
394
369
345
2.13
2.27

1660
410
310
292
27 1
1.68
2.27

1560
318
240
227
209
1.30
2.28
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radiated vaporizer surfaces, and Fkj are the angle factors.
Finally, the total heat input to the vaporizer is given by

(A4)

where Ak are each of the vaporizer surfaces, Av = T,Avk, and
Tv is the measured mean vaporizer outside surface tempera-
ture. To check the validity of Ecj. (1), the vaporizer heat input
is written as follows:

C(7>4 - (A5)

where C is comparable to the constant in Eq. (1). Table Al
shows the computed irradiation fluxes on each of the vapori-
zer surfaces q", q"t qf, q"\ the total heat input to the vaporizer
q\ and the value of the constant C for four different heater
temperatures Tf corresponding to fluid flow conditions used
for Fig. 6.

The results in Table Al show that Eq. (1) has the correct
form, since the constant C does not appear to vary with heater
temperature. In addition, they show that the maximum irra-
diation to the vaporizer occurred at the top surface, which is
consistent with what would be expected in an engine environ-
ment, where this surface faces the combustion region. In addi-
tion, the good agreement between the measured and computed
values of C using the reasonable estimate of 0.8 for the
emissivity of the vaporizer metal lends credence to the assump-
tions used in the calculation.

Appendix B: Extent of Vaporization Estimation
A control volume energy balance of the vaporizer involves

the following fluid streams: 1) the main heated air stream ma,
which changes temperature between the test section inlet Tal
and the exit Td2; 2) the window purge airstream mp, which
changes temperature from the window inlet Tp and exits at Ta2
after mixing with the main airstream; and 3) the fuel stream
m, which enters at temperature Tn and exits as a mixture of
vapor mg at Tg2 = Ta2 and liquid m( at Tn.

An energy balance using the measured rate of heat input to
the vaporizer q results in the following relation for the fraction
of fuel vaporized mg/mfu:

me cpa[ma(Tal - Ta2) + mp(Tp - Ta2)]

fTf l }

-m\ cpfdT\
Jr,, )

/D (B6)

where

r f7**2 P2
D=\Lr+\ cpgdT-\ Cp fdr

L Jr r Jr r

and cpa, cpgt cp( are the specific heats at constant pressure for
the air, fuel vapor, and liquid fuel, respectively.

The mixing process at the exit requires that Ta2 = Tv2. For
JP7 the following correlations can be used for the specific
heats of the liquid and fuel vapor, respectively9:

Cp( = 1.84 + 4.34 x 10~3 x (T-213)

300 < T <470K

cpv = 1.41 + 0.00414 x (T-213)

300 < T <570K

(B7)

(B8)

In addition, from Ref. 9, L, = 246 kJ/kg at Tr = 494 K. The
extent of vaporization using air-water mixtures employed
computed data from standard steam tables.10 Lack of ac-
curate information regarding Ta2 requires a parametric
calculation of the extent of vaporization with this temperature
as a variable.
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