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€EAT TRANSFER EFFE- OF A THERMAL BARRIER COATING 
WITH DEFERENT EOEL COMPOSITIONS 

N. Domingo 

Experiments were conducted to determine the heat transfer 

effectiveness of a plasma-sprayed, partially stabilized, zirconia coating when 

heated by a non-luminous, less radiant flame (mcthane/air) and a luminous 

flame (n-butanelair). Composite thermal conductances (combined conductive 

and radiative resistance) are reported for a 0.5-mm thick ceramic coating at 

a given heat flux and coating mean temperature. A novel laser-fluorescence 

thermometry technique, which has been shown to be independent of flame 

thermal radiation background and surface emissivity, was used to measure 

coating surface temperature. Without reheating, the results showed that the 

thermal conductance decreased by 66% with temperature within the range of 

170°-2400C. For n-butane flame heating, the thermal conductance decreased 

by 54% over a very narrow temperature range. Reheating of the coating 

produced an apparent irreversible change in its thermal conductance. Initial 

values for thermal conductance decreased by 30% following reheat. 

1. INTRODUCTION 

The choice of a thermal barrier material that is optimum for an alternative-fueled 

diesel engine and a diesel-fueled low heat rcjection engine (LHR) is not a simple or clear 

task. A recent ORNL assessmcnt [l] of LHR engine research work identified inconsistencies 

and contradictions between experimental and predicted performance results. Almost all 
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computer simulation studies on LHR engines predict improved thermal efficiency, reduced 

heat rcjection to coolant, and increased exhaust availability relative to conventionally cooled 

ones. On the other hand, experimental results have cast serious doubts on the validity of 

predictions: some have bcen inconclusive, the majority have contradicted predicted results. 

Several plausible explanations have been suggested to explain the controversy. One problem 

is  that differences in heat transfer analysis (global versus local) are employed to obtain 

comparative results. Also, not all loss terms are accounted for in modelling the combustion 

characteristics of a L I B  combustion chambcr. One particular loss issue is the degradation 

of hcat transfer in thermal barrier coatings over time that may be attributed to coating surface 

porosity and soot formation in an engine. Also, some investigators suggest that heat transfer 

may increase with the higher wall temperatures when the engine is insulated. Another issue 

is the recent concern that some thermal barrier materials proposcd for LHli engines may be 

partially translucent to thermal radiation from the combustion process of diesel fuels due to 

soot and particulates formation [2]. It is obvious that the above nnechanisrns can compromise 

the insulating effectiveness of the material in reducing the gas-to-wall heat transfer in diesel 

engines. Computer models have bccn employed to study the effect of engine operating 

parameters and configuration on soot formation and radiation heat transfer [3]. Howcver, 

experimental data are scarcc to properly validate these models to predict the effect of fuel 

composition and coinbustion geometries that utilize thermal barrier materials with unusual 

radiative properties. 

Another factor is the use of methanol as an alternative fuel for diesel engines which 

continues to receive increased emphasis due to its potential impact on air quality and 

petroleum supplies. Again, there i s  little understanding on how the combustion temperature, 

heat relcase rates and emissions of methanol affect the thermal performance of thermal 



3 

barrier coatings. In a diesel engine combustion system, thc two mechanisms that transfer heat 

from the flame are convection and radiation. The relative magnitudes of hcat transfer by 

these mechanics vary with flame structure, flame temperature, and fuel composition. For fuels 

with high carbon to hydrogen ratios, the thermal radiation increases with soot and particulate 

formation. Unlike dicscl fuels, methanol combustion produces non-luminous flames and 

practically no so01 and particulatcs during combustion. Consequently, the infrarcd spectral 

radiation of a methanol flame contains no significant particulate thermal radiation. It is likely, 

thcrefore, that the lower thermal radiation generated by methanol and its lowcr flame 

temperature due to higher latent cooling cffects may have a dXferent impact on the thermal 

effectiveness of thermal barrier materials as compared to conventional diesel fuels. That is, 

the most effective thermal barrier for a methanol-fueled engine may not be optimum for a 

diesel-fucled engine. Based on the mixed results obtained to date and shortcomings in the 

published data, there is general agrecment that a need exists for a better Fundamental 

understanding of the heat transfer in thermal barrier coatings: particularly the cffect of 

surface temperature on in-cylinder heat transfcr and thermal radiation on the overall hcat 

transfer. To improvc this understanding, an cxperimental approach is being employed that 

utilizes bench-type or laboratory rig testing (as a prerequisite to enginc testing) for screening 

the heat transfer elfectivencss of thermal barrier coatings when exposed to thermal radiation 

flux cmitted by flames produced by different fuel compositions. In this study a 0.5-mm thick 

coating of plasma-sprayed zirconia is cvaluated with a non-luminous flame (methane) and a 

luminous name (n-butane). Gas fuels were used instcad of liquid fucls because of simplicity 

and time constraints. Methane and n-butane were selccted because their flame speeds arc 

similar for safe operation in the burner. 
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The test apparatus used in the heat transfer evaluation is shown schematically in Fig. 1 

and is presented in an overall view in Fig. 2. The apparatus was dcsigned for a nominal heat 

load of 3 kW and consisted of a pre-mixed burner, a two-piece test section, and a steam 

generator. Except for the burner, the test apparatus was constructed of stainless steel to 

minimize compatibility problems. The test section was fabricated to accommodate a disk- 

shaped test spccimen of 70-mm (2.75-in.) diameter and a combincd thickness (metal and 

thermal barrier coating portion) of 13-mm. Hcat load to the test section was manually 

controlled by setting the fuel flow to the burner and adjusting the flame distance with respect 

to the test specimen in the test ssction. Heat from the flame passed through bhc test 

specimen and was transferred from its upper surface to the steam generator. The boiling 

process provided temperature stability and uniformity on the upper surface on the specimen. 

The pre-mixed burner selected was modified to allow for the metering of air and fuel 

flow. The burner produced a nominal 6.15 kW (Z1,OOO Btu/h) and 11.72 kW (40,000 Btuh) 

of heat with methane and n-butane gas, respectively. Compressed air at 5 psig was required 

to operate the burncr. Grid diameter of thc burner was 40-mm (1.58-in.). 

2.2 TESTSEmON 

The test section consisted of a two-piece cylindrical assembly. Figure 3 shows a view 

of the test section components. The lower module contained a 76.2-mm (3.00-in.) diameter, 

57.2-mm (2.25-in.) long cavity for installation and removal of the 70.0-mm (2.75411.) diameter 

test specimen, thus providing a 3.2-rnm (0.125-in.) air gap between the test specimen and the 
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Fig. 1. Schematic of test apparatus. 
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Fig. 2. Photograph of test apparatus. 
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Fig. 3. View of test section components. 
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test section wall to serve as a resistance to radial heat loss. A 51-mm (2.00-in.) diainetcr 

center hole is drilled through the bottom end (flame side) of the lower module to allow flame 

exposure of the test specimen. Provisions were made in the lower module wall to allow for 

the routing of thermocouple wires. Once the test specimen was positioned in the lower 

module, a 1.6-mm (0.0625-in.) copper disk was placed nn top of the specimen to serve as an 

O-ring sealing surface. The upper module contained two O-ring seals to prevent water 

leakage around the test specimen. The upper module was positioned into the lower module 

and bolted in place to retain and seal the test specimen. 

Thc gencrator (boiler) body, fabricated from a 305-mm (12-in.) length of 152-mm 

(6-in.) Schedule 40 stainless steel pipe, was mounted on top of the test section. An O-ring 

seal prevented water leakage into the test section. A view port allowcd for the monitoring 

of liquid level and boiling phenomena. Two ports were located in the liquid and vapor region 

for temperature measurement. Water capacity was 5.7-E (1.5 gallons) when filled to the view 

port level. Boiling occurred at atmospheric pressure. 
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3. TESTSPE 

The test spccirnen consisted of an instrumented, disk-shaped piece of gray cast iron 

with a 0.5-mm coating thickness of  partially stabilized zirconia. The combined (metal and 

coating) thickness of thc test specimen was kept at 13-mm (0.5-in.) to permit propcr fit in thc 

test section. The test specimen was fabricated by machining a 70-mrn (2.75411.) diameter disk 

of gray iron for the corresponding coating thickness. Four thermocouple grooves of 1.6-mtn 

(0.063-in.) depth and width were cut into both the lower and uppcr surface of the disk. The 

grooves were machined such that one thermocouple junction could be positioned at the 

center of the disk and the other thrce could be positioned along an arc of a 35-rnm (1.375-in.) 

diameter circle, each spaced 120" apart. Figure 4 shows an uncoated gray iron disk with 

grooves machined for installation of thermocouples. Insulated thermocouple wires were 

pressed into each groove and routed to the edgc of the disk. Thermocouplc joints were 

welded to the surface plane of thc gray iron disk. After the installation of thermocouplcs, the 

thcrrnal barrier coating was plasma sprayed on me side of the iron disk. The depositcd 

coating was then surface ground to the desired thickness. The final surfacc finish was 

40-50 microns. Figure 5 shows the coated tcst specimen with thc installed t h ~ ~ ~ ~ c ~ ~ ~ ~ ~ ~  ean 

the upper (boiling-sidc) and lower (coating-side) surhcc. Finally, a thin layer (2 

of phosphor material was applied to the coating surface for fhc lascr-fluorcsccnce 

ternpcrature measurement technique as described in Section 4.3. When installed in the test 

section, the effective diametcr of the tcsh specimen cxposed to the tlarnt: was ~ ~ . ~ - ~ ~ ~ ~  (2-in.). 
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Fig. 5. Photo of coated test specimen with btalled thermocouples on the boiling-side 
and flame-side surface. 
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Heat fluxes, temperature differences, and thermal conductances were calculated from 

data taken during steady-state operations. 

4.1 STEADYSIATEi OPERATION 

Following burner ignition with a given fuel gas, the air and fuel flow rates to the 

burner were controlled to achieve uniform flame, desircd heat rate, and proper combustion 

conditions. Next, the surface temperature of the ceramic coating was set by adjusting the 

burner grid distance with respect to the specimen in the test section. Figure 6 shows the test 

specimen being hcated by a methanc flame. The activated fluorescence from the phosphor 

material can be sccn near the coating center. Temperatures throughout the system were 

monitored to determine when a steady state was reached; a steady state existed whcn no 

significant change in temperature (0.5-1 -0°C) occurred through the system over a 15 minute 

period. 

Following the stabilization period, the experimental data were recorded. The 

measured data included (1) temperature of the upper (boiling-side) and lower (coating-side) 

surface of the cast iron disk, (2) surface temperature of the coating (flame-side), (3) flame 

temperature, (4) inner and outer radial wall temperature of the test section, (5) liquid and 

vapor temperature in the steam boiler, (6) pressure and temperature of air and fuel to the 

burner, and (7) flow rates of air and fuel to the burner. 

After the data were recorded for a given coating surface temperature, the burner grid 

distance was then adjusted to achicve a new surface temperature. Data were again recorded 

after the system rcached steady-state. The procedure was repeated without changing the 
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Fig. 6. View of test specimen during exposure to a methane flame. 
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burner aidfuel setting until heat transfer data were obtained for the thermal barrier coating 

at various surface temperature for each fuel type. 

4 2  INSTRUMENTATION AND DATA ACQUISITION 

Fuel and air flow to the burner was measured by rotameters. Pressure and 

temperature of the fuel and air were also measured. The above information was used to 

calculate burner heat rate. 

Platinum-platinum/l3% rhodium (Pt-Pt/l3% Rh) thermocouples, of 0.010-in. wire 

diameter, were used to measure the upper and lower metal surface temperature of the test 

specimen. Four thermocouples were installed on each surface of the disk. Laser-fluorescence 

thcrmometry was used to measure outer surface temperature of the ceramic coating. Flame 

temperature was measured using four insulated R-type (Pt-Pt/l3% Rh) thermocouples. 

Chrornel-Alumel thermocouples were used to measure the liquid and vapor 

temperature in the steam boiler and to monitor the radial heat transfer loss across the test 

section wall. 

An Acurex Autodata Ted10 datalogger was used to provide data collection and 

reduction capabilities. 

4.3 LASER-FLUORESCENCE THERMOMETRY 

Some attributes of the laser-fluorescence technique over conventional thin-film 

thermocouple or pyrometric methods include (1) immunity to surface emissivity and thermal 

radiation background, (2) remote, non-contact application, (3) absolute temperature 

measurement (no reference required) and (4) avoidance of junctions and lead wires 

complexities through ceramic coating. 
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The use of laser-fluorescence thermometry to obtain high temperature measurements 

on surfaces has been described in previous reports [4,5]. The technique involves the pulsed 

activation of a thin layer of a chemically stable, rare-earth-doped phosphor material that 

exhibits a strong fluorescence behavior with absolute temperature. The surface painted 

phosphor is activated by using a laser system which produces nanosecond-duration pulses in 

a variety of ultraviolet (vv) wavelengths, A calibration curve is generated for the phosphor 

by recording the characteristic decay of fluorescent emission bands during its activation by 

pulsed UV wavelengths as a function of absolute temperature. A measurc of component 

surface temperature is obtained from the calibration curve by measuring the decay time of 

fluorescence intensity of the phosphor at the surface. Figure 7 taken from Ref. 4 shows the 

laser-induced fluorescence lifetimes of several rare-carth doped, phosphor materials. A linear 

behavior is noted for the decay lifetimes of several phosphors when they are excited at high 

temperatures. 

The phosphor applicd to the ceramic coating in this study was a mix of 50% 

manganese-doped, magnesium fluorogermanate p&(F)GeO,:Mn] and 50% europium-doped, 

yttrium oxide (Y,O,:Eu) powder. This combination allowed the capability to measure a 

temperature range from 400" to 900°C. Figure 8 shows the calibration curve for this 

phosphor. A high temperaturc binder was used in the mixture to allow deposition of the 

phosphor on the surface. 
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The gray cast iron material used in the construction of the test specimen was provided 

by Cummins Engine Company, Inc., and Caterpillar, Inc. The thermal conductivity of thc gray 

iron material in the test specimen was required to calculate the beat flux through the thermal 

barrier coating. Since no thermal conductivity data were made available by the engine 

manufacturers, it became necessary to determine these data €or the tempcrature range of 

interest. Table 3 lists the chemical composition of the cast iron material used. 

Table 1. Gray cast iron 
chemical composition 

Element % Volume 
~ - ~ 

Carbon 
Silicon 
Manganese 
Phosphorus 
Copper 
Molybdenum 
Aluminum 
Nickel 
Tin 
Sulfur 
Chromium 
Carbon Equivalent" 

3.43 
2.80 
0.59 
0.03 
0.55 
0.25 
0.009 
0.09 
0.01 
0.10 
0.26 
4.10 

'Carbon e q u i v a l e n t  is 
calculated as percentage carbon plus 
0.3 times the sum of percentage silicon 
and phosphorus. 

It should be noted that the thermal conductivity of gray irons can be influenced by 

their chemical composition. High silicon, nickel, an aluminum contents lower the thermal 

conductivity markedly, whereas phosphorus and manganese reduce the thermal conductivity 

slightly. 
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The thermal conductivity data were generated by the ORNL High Tempcrature 

Materials Lab (HTML) from the product of thermal diffusivity, density, and specific heat. 

A laser-flash diffusivity apparatus was used to measure thermal diffusivity data from 170" to 

425°C. A Stanton-Redcroft Differential Scanning Calorimeter was used to measure specific 

heat from 100" to 500°C. The density was calculated from sample weight and volume. Actual 

thermal diffusivity data and calculated density were combined with the second order 

polynomial fit to the specific heat data to obtain thermal conductivity values from 175" to 

475°C. These values along with a polynomial fit of the data are shown in Fig. 9. All thermal 

conductivity values fell within 3% of the curve fit as shown in Fig. 10. 

The composition of partially stabilized zirconia powder used for the ceramic coat 

consisted of 95% wt ZrO, and 5% wt CaO as the stabilizer. Property data for the powder 

are listed in Table 2. This powder was selected because it was readily available at ORNL. 

The plasma spray deposition was conducted at ORNL to maximize quality control in the 

overall fabrication of the test specimen. 

Table 2. Spray powder 
property data 

Composition (% wt:): ZrO, = 95.0 
CaO = 5.0 

Particle Size: 

Density: 5.7 g/cm3 

-200 + 325 mesh (74-44 pm) 
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To determine the effect of fuel composition and temperature on the heat transfer 

effectiveness of the thermal baxricr coating it was proposed to run tests over a wide range of 

surface temperatures that may be typically encountered in a diesel engine combustion 

chamber wall. For each fuel uscd, the heat flux, temperature gradient, and composite thermal 

conductancc for the coating would bc calculated over a 400" to 900°C temperature range. 

Unfortunately, it was not possible to achieve surface temperatures above 300°C with the 

existing burner. Therefore, all heat transfer data presented in this study were taken below the 

surface temperature range originally proposcd. 
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Heat flow from the flame through the test specimen to the steam boiler was assumed 

to be one-dimensional. Although flame temperature was measured in this study, no attempt 

was made to determine the convective and radiative flux produced by the flame. Only heat 

transfer through the test specimen was considered. The method used to reduce the data is 

as foliows: 

The overall beat transfer conductance in the test specimen (metal and coating) is 

given by: 

Q 
AZT 

u = - ,  (7-1) 

where ZT is the overall temperature difference between the flame-side surface of the 

coating and boiiing-side surface of the gray iron disk, and Q/A is the heat flux across the test 

specimen. The surface temperature of the iron disk is based on an average of four 

thermocouple readings. 

The heat flux is calculated from the conduction heat transfer through the gray iron 

material according to the relation 

where AT, is the temperature difference oE the metallic portion, k, is the thermd 

conductivity of the gray iron takcn from Fig. 9 and evaluated at the arithmetic mean 

temperature of the gray iron, and AX,,, is the gray iron thickness. 
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The overall resistance (or inverse conductance) to heat flow in the t a t  specimen is 

equal to the sum of individual resistances (1/U = CR). For the metallic portion or the test 

specimen the thermal resistance is based on conductive heat flow. Since the coating is 

assumed to be semi-transparent, its ther al resistance i s  based on parallel-connected 

conductive and radiative heat flow paths. If surface fouling is neglected, the overall resistance 

for the test specimen can bc represented as: 

The parallel-connected resistance €or the coating is defined as a "composite" resistance 

(MI'); therefore, 

Substituting Eq. (7.4) into Q. (7.3) and rearranging, the composite resistance 

becomes: 

Introducing individual heat transfer conductances, the composite resistance for the 

coating can be expressed as: 
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where h, is the radiative heat transfer conductance for the coating, k, is the thermal 

conductivity (without radiative component) of the coating, and AXc is the coating thickness. 

Rearranging Eq. (7.5), the composite conductance h' for the coating can be calculated 

from: 

Once h' is known, the radiative heat transfer conductance for the coating can be 

calculated using a rearranged form of Eq. (7.6): 

Equation (7.8) requires that the thermal conductivity of the coating in the absence 

of direct radiant transmission be known for a given temperature of the material. To evaluate 

the thermal conductivity of the coating, tests at low surface temperatures are requircd to 

avoid high temperature and thermal radiation effects through the coating. The thermal 

conductivity data obtained for the coating can then be extrapolated to higher temperatures 

for use in Eq. (7.8) to obtain h,. However, as pointed out in the previous section, it was not 

possible to operate at high surface temperatures due to burner limitations. This setback 

prevented the determination of the radiative heat transfer conductance for the coating via 

Eq. (7.8). 
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Figures 11 and 12 show the heat transfer results obtained on a 0.5-nim thick, plasma- 

sprayed, CaO-stabilized, ZrO, wating when heated by a methane and n-butane flame. 

Figure 11 compares the composite (combined conduction and radiation resistance) of the 

niatcrial as a function of mean tempcrature. Figure 12 presents the thcrrnal conductance on 

a heat flux basis. Figures 11 and 12 show data from two sets of runs made with each fuel. 

As shown in Fig. 11, the thermal conductance data were taken over the temperature range 

of 173"-24O"C (446-513 K)- Due to burner pro lems and limitations it was not possible to 

obtain information over the wider range of temperatures planned (400"-900"C) to determine 

significant heat transfer cffects and make any comparison on the trends with respect to higher 

temperatures. Also, it was difficult to obtain data with the two fuels over the same 

temperature range for a good comparison. Surprisingly, although rneasurcd tlame 

temperatures for both fuels ranged from 850" to 95O"C, the highest surface temperature 

measured on thc coating was 291°C at a constant tcmperature heat sink of 100°C. One 

possible explanation for this occurrence is that the convective heat flux from the flame to the 

coating was seriowsly reduced by operating with an open flame. Another problem 

encountered was the difficulty in reducing the amount of premixed air on the burner to 

producc a reasonable luminous flame with n-butane. 

The limited experimental data presented in Figs. 11 and 12 are averaged values of 

back-to-back, steady state data points obtained for the same run. This was done to increase 

the experimental accuracy associated with the laser-fluorescence measurement of coating 

surface temperature. As was stated in Section 4.3, the combined phosphor materials applied 

to the coating were selccted to allow measurement over the 400"-980"C temperature rangc, 

Unfortunately, below 30O0C, the slope of decay time versus temperature for magncsium 
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fluorogermanate can yield a greater difference in temperature for a small change in decay 

time. The uncertainty in temperature measurement that may have resulted from this situation 

was reduced by taking the average of two steady state points at the same operating condition. 

Overall, the laser-fluorescence method yielded good results in the presence of radiant flames. 

The results shown in Fig. 11 indicate that the thermal conductance of the coating not 

only varied with temperature, but decreased after reheating the coating (Run 2 tests) with 

either a methane or n-butane flame. For the Run 1 tests, the composite conductance ranged 

between 2386 and 816 W/m2.K (1.19-41.0 W/m.K €or 0.5-mm coating) over the 173"-24OoC 

temperatwe range covered. The heat flux range corresponding to this conductance range was 

51.4-84.0 kW/m2 as indicated, in Fig. 32. In Fig. 11, data obtained with n-butane heating 

during Run 1 test show a dramatic decrease in thermal conductance over a very narrow 

temperature range. From 173 ' to 184"C, the thermal conductance decreased by 54% (2386 

to 1091 W/m2*K, respectively). It is not known whether a similar decrease can be expected 

with methane since data for this fuel could not be obtained in this temperature range during 

Run 1 tests. Figure 12 shows the same behavior on a heat flux basis. 

Run 2 tests were conducted primarily to confirm some of the results noted during 

early heat transfer tests, particularly in the 173" to 184°C temperature range. Surprisingly, 

the reheat results presented in Figs, 11 and 12 show an apparent degradation in thermal 

conductance for the ceramic coating evaluated. No significant difference in thermal 

performance is noted between methane and n-butane reheating. At a mean temperature of 

20O0C, Fig. 11 illustrates the thermal conductance from Run 2 tests to be 30% below Run 1 

results. 

Thermal barrier materials that exhibit temperature dependent thermal propcrties as 

well as irreversible changes with reheating can adversely effect diesel engine performance. In 
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an IC engine the gas-to-wall heat transfer near the combustion chamber wall is highly 

transient. This cyclic heat exchange produces surface temperature swings which impact 

cngine thermal performance, component thermal stresses, and lubricating efficiency during 

thc cycle. When applied in a combustion chamber, a temperature dependent coating can 

have an effect on the transient heat transfer by influencing the gas-to-wall temperature 

dynamics and surfacc temperature swings. For the range of temperature covered it i s  

to determine from the scatter of the data any effccts or establish any trends on thermal 

barrier heat transfer due to flame luminosity. This is probably due to the problems discussed 

earlier, i.e. lower operating temperatures and inadequate flame luminosity with n-butane due 

to poor air-fuel ratio control. However, a thermal barrier material that is translucent would 

allow radiation heat flux from the flame to pass through and be deposited on the metal 

substrate, thus raking the metal temperature. Examination of the experimental data did not 

indicate a temperature shift on the substrate surface in the test specimen betwcen the 

methane and n-butane case at similar heat flux. From this observation, it is believed that the 

amount of radiative tlux transmitted through the coating during low temperature opcration 

was neglibible. 

The thermal conductance of 816 W/m2@K given in Fig. 11 at a mean temperature of 

240°C (513 K) is in good agreement with the results of WiIka and Lagerdrost [6] for CaO- 

stabilized zirconia. In their study, the thermal conductivity of plasma-sprayed zirconia 

calculated from thermal diffusivity measurements was 0.45 W/meK at K in a vacuum. 

'Ibis agrees well with the 0.41 W/meK value obtained when the thermal conductance of 

816 W/m2*K is multiplied by thc O-S-mrn coating thichess tested. Brandt ['-/I reported 

thermal diffusivity measurements of zirconia coatings stabilized with 8% CaQ in a vacuum 

that gave an equivalent thermal conductivity of 0.5 W/meK in the temperature range of 700- 
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1300 K However, both sets of experimental data [6,7 show large irreversible increases in 

thermal Conductivity after heating the coating to temperatures above 1300 IC This increase 

in thermal conductivity is explained by changes in the material's pore morphology. At low 

temperatures (<lo00 K) the thermal conductivity of the pore phase is small. At elevated 

temperatures (> lo00 K) the radiative heat transfer across the pores become significant which 

increases the composite (conductive plus radiative) thermal conductivity. Also, if the material 

is translucent to thermal radiation at some wavelengths, the composite conductivity is likely 

to increase even further. In summary, the results obtained by Wilkes and Lagerdrost [SI and 

Brandt [A suggest that high temperatures (>1300 K) make the thermal conductivity of 

plasma-sprayed zirconia go up. We found in this study that the thermal conductivity 

decreased irreversibly after mild heating. Due to limitations in operating temperature levels, 

it was not possible to confirm any trends toward increased thermal conductance with respect 

to high temperature. 
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The purpose of this experimental effort was to provide a screening tool for ranking 

candidate thermal barrier materials for use in alternative-fueled and diesel-fueled engines. 

A test apparatus was fabricated and used to evaluate the heat transfer effectiveness 

of a 0.5-mm thick, plasma-sprayed, CaO-stabilized, zirconia coating when heated by a non 

luminous (less radiant) and luminous flame. A laser-fluorescence method used to measure 

coating surface temperature yielded good results in the presence of radiant flames. 

Due to burner limitations, it was not possible to obtain data over a wide temperature 

range to determine significant heat transfer effects or trends toward increased thermal 

conductance with respect to decreased temperaturc. Also, it was difficult to make any 

comparison on thermal barrier heat transfer trends with flame luminosity due to poor air-fuel 

ratio control. Within the temperature range of 173 "-240°C (446-513 K), the results showed 

that the thermal conductance decreased by S% with temperature. At 513 K the value 

obtained for thermal conductance agreed fairly well with reported experimental values 

obtained in a vacuum at about 600 K For n-butane flame heating, the thermal conductance 

of the coating decreased by 54% over a very narrow temperature range. Reheating of the 

coating produced an apparent irreversible change in thermal conductivity. The thermal 

conductance was reduced an additional 30% for a given temperature following reheating with 

both fuels. No significant difference in thermal conductance was noted between methane and 

n-butane reheating. The use of thermal barrier materials that exhibit modest tcmperaturc 

dependent thermal conductance and irreversible changes in heat transfer effectiveness with 

reheating can influence the gas-to-wall temperature dynamics, surface temperature swing, and 

net heat flux in the combustion chamber of a diesel engine and affect its operating 

performance component life, and lubricating efficiency. 
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10. EUTURE WORK 

As a result of problems encountered during operation of the test apparatus, several 

recommendations for future work to improve accuracy and operating temperature range 

appear warranted. They are as follows: 

1. A new burner system should be sized and designed to provide a wider flame temperature 

range and permit sufficient variations in air-fuel ratio to produce various flame 

luminosities for a given fuel. The burner should operate on methanol and diesel fuel to 

better approximate fuel conditions in an engine. 

2. A mono-chromator and associated equipment should be installed to measure the infrared 

radiation spectra from the flame. 

3. A calibration check should be performed on the test apparatus using a well characterized 

reference material. The thermal conductivity of such material should be measured over 

a temperature range similar to that anticipated for the thermal barrier coating and 

compared to the reference value. 

4. A different phosphor material €or laser thermometry measurements should be used on 

a coating for operation below 400°C. 

Following the incorporation of the above recommendations, future test work will 

involve steady-state as well as transient heat transfer measurements of candidate thermal 

barrier materials over a temperature range of 4oOp-10000C in order to determine thc 

temperature and thermal radiation dependence on the composite thermal conductivity with 

diesel and methanol fuels. Irreversible changes in thermal performance with reheating will 

also be investigated. 
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