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RESEARCH MEMORANDUM 

ANALYTICAL DETERMINATI ON OF EFFECT OF TURBI NE COOLING- AIR- I MPELLER 

PERFORI~CE ON ENGINE PERFORMANCE AND COMPARISON OF EXPERIMENTALLY 

DETERMI NED PERFORMANCE OF IMPELLERS WI TH AND WITHOUT INDUCER VANES 

By Louis J . Schafer ) J r . and Robert O. Hickel 

SUMi.\1.ARY 

The effects of cooling- air- i mpeller performance on turbojet - engine 
performance were determined analyt i cally for operation at 70 and 100 
percent of rated engine speed . A turbine cooling- air impeller having 
straight radial impeller vanes (no inlet inducer section) was inves 
tigated experimentally at engine speeds to 70 percent of the rated 
condition . 

The analys is indicated that impeller performance has littl e effect 
on engine performance at rated engine speed for the coolant flows con
sidered . At this speed) increasing the required impeller- inlet total 
pressure from 50 to 100 percent of the available compressor - exit total 
pressure (decreasing impel l er performance) decreased engine thrust about 
1 percent and increased spec ific fuel consumpt ion about 1 . 3 percent at 
a coolant - flow ratio of 0.03 . At a coolant- flow rat io of 0 . 05 ) the de
crease in specific thrust was 1 . B percent and the increase in spec ific 
fuel consumption was 1 . 9 percent . The effects are greater at 70 percent 
of rated speed . 

The experimental results showed that the impeller had about the same 
relative total- pressure ratio as a previously reported impeller with an 
inducer section . Either impeller could supply tube- filled nonstrategic 
turbine blades with about three t imes as much cooling air as is required 
for operation at current turbine- inlet temperatures . 

Since impellers with and without inducer sections had essentially 
t he same pressure ratios and the engine performance was not extremely 
sens itive t o impeller performance for coolant- flow ratios up to 0 . 05 at 
rated engine speed) i t is unnecessary to complicate the impeller fabrica
t ion by including an inducer sect ion at the impeller- vane i nlet . 
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INTRODUCTION 

Turbine cooling permits engine operation at elevated gas - temperature 
levels where gains in engine performance can be realized (refs . 1 and 2) . 
The application of turb ine cooling requires some type of impeller to 
distribute the cooling air uniformly to all the turbine blades and at 
the saTile time give some pressure rise to the cooling air to overcome the 
friction pressure losses in the turbine blades and in the cooling- air 
system between the compressor and the turbine blade tips . 

One cooling- air- impeller design incorporating an inducer at the 
i mpeller inlet was investigated in reference 3 . The results indicate 
that the impeller could supply sufficient cooling air to cool nonstra
teg i c tube-filled blades at present- day gas temperatures or blade ' made 
of a strategic material at higher gas temperatures . 

Because the impeller pressure- ratio results of reference 3 include 
the effects of the pressure losses in the turbine blades ) the pressure 
ratio of the impeller alone was unknown . Consequently) the efficiency 
of the impeller was not determined . It can be shown) however ) that even 
for efficiencies of 100 percent the pressure rise through cooling- air 
impellers for current eng ines would not be large) because the tangential 
speed at the outlet of the impeller is relat i vely low. Furthermore) the 
pressure available at the exit of the impeller for forcing air through 
the turbine blades is relative to the rotor . Although low cooling- air
impeller pressure ratios are to be expected) no study has previously been 
made of the effect of impeller pressure ratio on engine performance . 
Also) the degree to which impeller passage fabrication can be simplified 
(e . g . ) by eliminating the inducer vanes) and still supply sufficient 
cooling air to the turbine blades was not known . 

The purposes of this report are : 

(1) To investigate analytically the effects of impeller performance 
on the performance of a typical turbojet engine 

( 2) To determine exper imentally the pressure ratio of a straight 
radial - vaned impeller (no inducer vanes) and compare its 
performance with that of an impeller with an inducer section 
(ref . 3) 

(3) To determine analytically whether a straight- vaned impeller 
that would operate at a h igh or unfavorable angle of inci
de~ce would permit the compressor to supply sufficient cool
ing air to cool nonstrategic tube-filled blades at present 
turbine- inlet temperatures or strategic blades at higher 
temperatures 

---------

.. 
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The turbine blades of reference 3 were of a different internal con
figuration from the blades used in the present invest i gat ion; consequent 
ly) they would be expected t. o have different cooling- air pr essure losses . 
In order to eliminate the effects on impell er performance of the air
cooled turbine blade conf j.gurat ion and thus el iminate the cooling-air 
pressure loss within the blades ) the impell er performance of reference 
3 and of this report must be co:npared on the bas i s of pressure rise 
through the impeller alone. To do so ) a static calibrat ion of the blade 
pressure losses was made ) the details of which are presented in appen
dix B. (Symbols are defined in appendix A. ) 

The analysis was made for a centrifugal- compressor turhojet engine 
a t sea- level static condit ions for engine speeds of 8000 and 11) 500 rpm . 
The experimental inves t i gat ions were made at engine speeds of 4000) 6000) 
and 8000 rpm for a range of coolant - flow ratio from 0 . 02 to 0 . 11 . The 
design speed of the engine was 11) 500 rpm) but this investigation was 
limited to 8000 rpm by low aerodynami c performance of the turbine blades ) 
which resulted in high turb ine- inlet temperatures and in turn caused 
premature sur ging of the compressor at engine speeds slightly ahove 
8000 rpm . 

APPARATUS 

Engine Modifications 

The modified air - cooled turbojet engine used in tllis investigation 
was the same a s that described in detail in references 3 to 5) with the 
exception of the turbine disk and blades . The modifications made to 
s uppl y cooling air to the turb ine ar,e shown in figure I and are dis 
cussed in detail in reference 5 . This report is concerned specifi ally 
with a modif i cation of the turbine disk and blades . 

Turbine rotor . - A split- disk air - cooled turb i ne rotor with cooling 
air entering from the downstream s i de of the rotor was employed in this 
invest i gat ion . Tne rotor was split along the center line in the plane 
of rotation and had indiv i dual passages to each blade machined into the 
ins ide surface of each half of the disk to form the vane system shown i n 
figure 2(a) . The vane system incorporated in the split disk investigated 
in references 3 and 4 is shown in figure 2(b) . In order to simplify 
fabrication of the disk investigated in the present report) the knee or 
break in the vanes) wh ich forms the inducer section of the rotor shown 
in figure 2 (b) ) was eliminated . The detailed geometry and dimensions 
of t he two types of impeller are shown in figure 3 . 

The rotor with no inducer section (fig . 2(a)) was made from two 
forged d i sk halves ) and the axial thickness of this rotor was the same 
as that of a standard uncooled rotor , The rotor with the inducer sec 
t ion (fig . 2(b)) was made by splitt ing a standard uncool ed r otor in the 

--- - ---
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plane of r otat ion) wh i ch r esulted in a total ax i al thickness about 1/ 2 
i nch l e s s t han tha t of a standard uncool ed rotor (ref . 3 ) . Because of 
t his differ ence in axial t h i ckness ) the bases of t he blades for the 
present invest i gation wer e longer axially than those used in ref er ences 
3 a nd 4 . As a r esult ) the axial d iver gence in the cool i ng - air passages 
within the rotor near the rim was greater fo r t he rot or without the 
i nducer section t han for the rotor with the i nducer ( f i g . 3 ) . 

Turb i ne bl ades . Phot ographs of one of the nont wisted a i r - cooled 
turbine bl ades of th i s invest i ga t ion and one of those of ref erence 3 
are compar ed i n f igure 4- . Both blades had small tubes i nstalled in the 
blade shell to i ncr ea se t h e i nter nal cooling surf ac e area . The detailed 
f abr i cat i on procedures f or cooled blades made by the NACA a r e given i n 
r efer ence 6 . The end v i ew of the blades (f ig . 4 ) shows tha t ) even though 
the blades were the same t ype ) the geometry of the t wo blade pr of i les was 
d i ffer ent . Also) the lack of d i ver gence i n the cool i ng- air pa ssage 
thr ough the base of the blade of thi s inves t i gat ion per mi tted the tubes 
in t he cooling- a ir passage t o extend through the blade base . I n t he 
bl ade of r ef erence 3 the tubes terminated at the d i ver gent sect i on in 
the blade base . 

I ns t r umentat ion 

Eng i ne . - The eng i ne speed wa s measured wit h a chr onometric t a chome 
ter . The ma ss f l ow of a ir t hrough the compres sor was calculated from 
temperat ur e and pressur e measur ements made in a ventur i installed in t he 
duc supplyi ng air to the sealed t est cell . The tota l pres s ure a t t he 
compres s or exit was mea s ured wi th t hr ee total - pr essure probes in the 
diffusers between the compr essor exit and t he combustors . Fuel fl ow was 
measur ed by means of calibrated r otameter s . Two stat i c - pressur e taps 
were l oca t ed 1800 apar t in t he outer tai l - cone casing d i rectly over t he 
mi dchord r egion of the coolant passages of t he rot or blades (f i g . 1) t o 
determine the sta t i c pr essure of t he combus t i on gas e s in t he region of 
the cooling- air d i scharge . 

Cooling a i r . - The cooling- air flow t o the t urbine rot or was con
trol l ed remotely by valves and was mea sured by a standard A. 3 .M.E. flat 
plate or if i ce insta lled i n the cooling- a i r suppl y systellJ upstr eam of the 
tai l cone . The temperature of the cooling air at the turbine i mpeller 
i nlet was measured \-lith two i ron- constantan ther mocouples on the survey 
ra:.e in The cool i ng- a ir supply tube (fig . I) . The cooling- a ir temperature 
a t the i mpeller exit was mea s ur ed with three chromel- alumel thermocoupl es ) 
one installed in the cooling- air passage in the base of each of thr ee 
of the t urb ine bl ades . These ther mocouples were l ocated immedi ately 
upstr eam of the smal l cooling- air tubes i n the blades . The cooling- air 
t otal pr essure a t the i mpeller i nl et was measured with three t otal 
pr essure probes mounted on the rake a t the i mpeller i nlet . 
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Turbine blades. - The temperature of three of the turbine blade 
shells was measured with three thermocouples on each of the blades , on 
a plane about one-third of the blade span from the base . On each blade 
a thermocouple was located at the leading edge , the midchord on the pres 
sure surface, and the trailing edge . 

EXPERIMENTAL PROCEDURE 

The performance of the cool ing- air impeller was obtained by operat 
ing the engine at three nominal constant impeller speeds of 4000, 6000 , 
and 8000 rpm . At each of these speeds , the coolant - flow rate was var i ed 
by changing the pressure at the impeller inlet. At each coolant flow) 
the following data were taken: total temperature at stations 6 and 7 
(figs . 5 and 6) , total pressure at station 6, and static pressure at 
station 10. 

CALCULATION PROCEDURES 

Variation of Engine Performance with Impeller Pressure Ratio 

An analysis was made for sea- level stat i c conditions for a current 
turbojet engine at two engine speeds (70 and 100 percent of rated) to 
determine the effect of impeller performance on engine thrust and spe
cific fuel consumption . The following general assumptions are made in 
the analysis for each constant engine speed: 

(1) The corrected combustion- gas flow at station 3 , w3~/53' is 
constant . 

(2) Air weight flow into the engine wl is constant . 

(3) Turbine- inlet total temperature T' 
3 

is constant . 

(4) Combustion efficiency, compressor efficiency, and turbine ef
ficiency do not vary with cooling- air flow or impeller pressure ratio . 

(5) Five percent of the compressor- exit total pressure is lost in 
the combustor . 

( 6 ) There is no combustion- gas total- temperature or pressure loss 
in the engine tail pipe between the turbine exit and tail- pipe nozzle 
(stations 4 to 5) . 

(7) The tail-pipe nozzle coefficient is 1.0. 

In order to make the analysis i t i s necessary to assign values of 
pressure , temperature, air flow, and gas flow at certain points in the 
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engine . The values used in the analysis for the two engine ~peeds se
lected are listed in the following table and are based on values ob
tained from unpublished data on a typical current turbojet engine: 

Corrected compressor- inlet weight flow, 

wl\fBi/Ol' Ib/sec 

Compressor efficiency, ~C 

Turbine efficiency, ~T 

Corrected combustion- gas flow at stator 

inlet , w3 VB;/03' Ib/ sec 

Turbine- inlet total temperature, T3, oR 

Combustion- gas absolute static pressure 
at blade tips, PIO' in . Hg abs 

Engine speed, rpm 

8000 II} 500 

47.0 75.7 

0 . 80 0.80 

0.-80 0.80 

41.0 41.0 

1480 2110 

34.6 50.0 

The general procedure for determining the variation of engine 
thrust and specific fuel consumption with impeller pressure ratio at a 
constant coolant flow is as follows: For a given cooling-air flow, a 
range of required cooling- air total pressure at the impeller inlet is 
chosen to represent varying impeller performance . Then, with the as
sumed turbine- inlet total temperature T3, turbine weight flow w3 ' and 

corrected turbine weight flow w3~/03' the total pressure of the gas 

at the turbine inlet is determined . The power output of the turbine is 
then calculated and is used with the turbine-inlet conditions to give 
the combustion- gas conditions downstream of the turbine. These condi
tions are then used to obtain the engine thrust. 

The turbine power consists of the power required to drive ~he com
pressor plus the power expended on the cooling air in passing through 
the turbine disk and blades . The power to drive the compressor is 
expressed by the equation 

w 
+ ~ T' c 

~C 1 P 

(1 ) 
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and the power expended on the cooling air in the turbine rotor is 

Q 
a (2) 

The sum of equations (1) and (2) is the power output of the turbine QT' 

The values of P2/pi and P2 , a/ pi must be evaluated before the 
power expressed· by equation (1) can be calculated. This is done as 
follows: The value of 53 = P3/pi is calculated using the assumed con-

stant value of w3~/53 with the assumed constant value of 83 and 

w3 from the relation 

(3) 

where values of are assumed . The value of p'/p' 2 1 
then obtained from 53 by assuming a 5-percent total-pressure loss 

is 

through the combustors. Since the value of pi is known and Pz a is 

assumed equal to P6' the values of Pz a/pi can be computed for' the , 
range of assumed impeller performance . The value of the coolant flow 
wa is the product of the constant compressor-inlet air flow and the 

assumed value of Wa/Wl. 

The gas total pressure downstream of the turbine is obtained as 
follows: The turbine power can be expressed as 

(4) 

and as 

Q
T 

= w c (T' - T') 
3 p,3 3 4 

(5) 

Equation (4) is solved for the turbine total-pressure ratio P3/P4' and 

equation (5) for T4. This gives the combustion-gas conditions down

stream of the turbine. The value of P5 is assumed equal to P4, and 

P5 is equal to Pl for t he s ea-level static condition assumed in this 

analysis. The temperature of the mixture of cooling air and combustion 
gas at station 5 (TS) is obtained from the equation 
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w h ' = w h ' + w h' + __ 9 ~ (J}r2 ) 
5 5 4 4 a 6 gJ ( 6 ) 

where w4 = w3 ' (It i s a ssumed that the cooling air has not yet mixed 
with the combust i on ga s at station 4 . ) 1he jet velocity out the tail 
p i pe can then be calculated as follows: 

1 

Y5- 1 2 
--

V5 
2Y5 gRT ' 1 - ~~) Ys 
Y - 1 5 5 

(7) 

and the engine thrust for sea- level static conditions is 

(8) 

where 

(9) 

The specific fuel consumption is defined as wF!F . Over-all rotor 

adiabatic efficiencies from the impeller inlet tb the turbine bl ade tips 
are calculated with the equation 

C T' [(~:;~:1 _ 1] 
p 6 

T)R (10) 
(1)2r2 

9 
2gJ 

where T ' 6 is fixed by the compressor stage from which the cooling air 

is bled t o give the assumed total pressure at the impeller inlet PS ' 
The value of Pg is calculated with the values of PIa' wa ' Ao, and 

Tg and the continuity equation . The value of ~ is the cooling-air 

flow area of the turbine blade used with the impeller without inducer 
vanes (fig . 4(a)). The temperature at the blade tip Tg is obtained 

with values calculated from the engine data as described in the next 
section . 

• 
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Blade Pressure Lo ss and Impeller Pressure Ratio 

The total pressure at the exit from the rotating cooling-air impel
ler could not be measured, because rotating pressure-measuring instru
mentation is not currently available. Therefore, the total pressure at 
the impeller exit must be determined from the measured conditions at the 
tips of the turbine blades. This calculation is made in the following 
steps: 

(1 ) The total pressure of the cooling air at the blade tips is cal
culated from the measured static pressure at station 10 (fig. 6), the 
total temperature at station g, the blade coolant-flow area, and the 
coolant flow. 

(2) The coolant -passage total-pressure loss is calculated with the 
use of the charts of reference 7. 

(3 ) The total-pressure loss across the blade base is calculated 
wi th the contraction loss coefficient determined in the pressure-loss 
calibration rig as described in appendix B. 

(4) The pressure loss through the blade cooling- air passage and 
through the blade base is added to the total pressure at the blade tip 
t o obtain the cooling- air total pressure at the exit of the cooling- air 
impeller. 

The calculation procedure used to determine the turbine blade pres
sure losses for both the t urbine rotor of this report and the rotor of 
reference 3 is generally the same as outlined in appendix B. However, 
the calculations for the engine data require some additional operations 
because of heat transfer to the cooling air in the turb ine blades and 
rotation of the turbine blades. Only the points where the procedure 
differs from that of appendix B are discussed here. 

The following four parameters must be evaluated before the pressure
loss charts of reference 7 can be used to evaluate the cooling-air pres 
sure loss through the turbine blades in the engine investigation: 

(1) Mg 
4frK(r9 -

(3) Dt 
rS) 

Til afrg(rg - rS) 
(2) 

9 
(4) ¥ Til 

S 9 

The cooling-air flow area through the turbine blades used in the 
calculation of the cooling- air Mach number at the blade tip Mg in the 
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calibration rig is the measured blade flow area at the tip. However, in 
the engine investigation the blade flow area varied from blade to blade 
because of the different degrees of area blockage r esulting from the 
variation of the amount of braze material flowing into the cooling-air 
passages during blade fabrication . Since an accurate evaluation of the 
average flow area for all the blades on the rotor could not be made, it 
is assumed that there was zero area blockage of the cooling-air passages 
for both the turbine blade configurations considered herein. This as
sumption results in some error in the calculation of the blade cooling
air pressure loss; but) since the same assumption is made for both sets 
of blades) the relative magnitudes of the blade pressure losses for both 
should be essentially correct, and the resulting impeller pressure ratios 
should be comparable. 

When heat is transferred to the cooling air, the ratio of exit to 
inlet cooling-air total temperature must be known to use the pressure
loss charts of reference 7. In a rotating turbine blade, the cooling
air temperature rise from root to tip is the sum of the temperature rise 
resulting from rotation and that resulting from heat transfer. The tem
perature rise resulting from rotation is 

61''' R 

and that due to heat transfer is 

.6.T" H 

(J}(r~ - r§) 

2gJcp 
(11 ) 

(12 ) 

The value of hf in this equation is obtained from equation (6) of 

reference 8 (notation of this report): 

ha) b (2L tanh Lrn ) "'+m m+-r L cp 
(13 ) 

A detail ed discussion of the application of this equation to tube-filled 
air- cooled turbine blades i s given in reference 9) where the value of 
ha b is obtained from 

) 

(14) 

where 

-' 
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....,--W_a_D_h_ (~Tb~) 
~ I-la b g 

) 

11 

(15) 

In this equation the value of Tb is obtained from the engine data . 

The value of T~ in equations (12) and (15 ) is obtained by an iteration 

process . The value of Tg can then be obtained as 

T" - T" + m''' + m''' 9 - S R H (16 ) 

Thus) with this temperature of the cooling air at the tip of the turbine 
blades ) the cooling-air flow area) the cooling- air weight flow) and the 
measured static pressure at station 10) the cooling-air Mach number at 
the blade tips can be determined . Then Tg and the measured value of 

TS are used to obtained the temperature r at io Tg/Ts' 
The friction factor ) corrected for entrance effect as described in 

appendix B) for the evaluation of the parameter 4frK(r9 - rS) j Dh is 

obtained from the von Karman friction-factor equation) which is also 
discussed in appendix B. Because of the presence of heat transfer in 
the engine investigation) the Reynolds number used in the determination 
of the friction factor is evaluated from the film temperature between 
the cooling air and the blade shell . Reference 10 shows that the fric 
t i on factor can be correlated fairly well with Reynolds number for vari
ous r ates of heat transfer when the Reynolds number is thus evaluated. 
Therefore) the Reynolds number becomes 

w Dh T" a a 
Refilm = Ab I-lfilm g Tfilm 

(17) 

The cooling- air total- pressure loss from stations S to 9 is determined 
from the procedure outlined in appendix B and from the additional infor
mation given herein to cover the conditions of heat transfer and rotation . 

The value of the parameter m2r 9(r9 - rS)jTg is obtained from known 

_measurements and equation (16). 

The cooling- air total- pressure loss across the turbine blade base 
(stations 7 to S) is determined in the engine investigation by exactly 
the same procedure as presented in appendix B for t he presslITe- loss 
cal i bration rig. No pressure rise across the blade base resulting from 
rotation is considered) because the difference in rotor diamet er bet ween 
these stations is small . Thus} 

- -- - - -
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(18) 

The relative total pressure at the impeller exit is 

P7" "+ !:Y.p" + !:Y.p" = P9 8- 9 7- 8 (19) 

rhe ratio of this relative total pr essure at the impeller exit ( sta
tion 7) to the measured total pressure at the impeller inlet (station 6) 
g ives the impeller relative t ot al - pressure ratio . A calculation such 
as t his is made for both the impeller of this investigation and the 
impeller of reference 3 to provide a basis for comparing performance . 

Cooling Air Available with Compressor Bleed 

The turbine- cooling a ir will probably be bled from the compressor 
in a production turbojet engine. Therefore , the maximum pressure 
available at the inlet to the cooling- air impeller is limited to a 
value equal to the compressor- exit total pressure minus the ducting pres 
sure losses between the compressor and the t urbine hub. The following 
assumptions are made in deter mining the impeller range of operation with 
a i r bled from the compressor exit : 

(1) Available total pressure at the turbine hub is equal to the 
compressor- exit total pressure. 

( 2 ) Cooling-air t otal-pressure loss through the turbine blade used 
wi th the cooling-air impellers in thi s calculat ion is the same as that 
t hrough the blades used on the impeller without inducer vanes in the 
experimental investigation . 

Thi s calculation is made for an engine speed of 8000 rpm, since 
this is the highest engine speed for which experimental impeller data 
were obtained in the present invest i gation . The r equired total pres
sure at the base of the turbine blades for a given cooling-air weight 
flow is obtained from the calculations of the blade pressure los s needed 
in the evaluation of the experimental impeller pressure ratio. This 
required total pressure at the base of the blade corresponds to the 
impeller-exit pressure . With the use of this required total pressure , 
the impeller pressure ratios of the two impellers of this report, and 
the hypothetical 100- percent - efficient impeller, the total pressure 
required at the impeller inlet can be determined for a range of coolant 
flows . The percentage of the compressor-exit total pressure at this 
engine speed corresponding to the required impeller-inlet total pres 
sures can also be calculated. 
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The total- pressure r at io acr oss an impell er having an adiabat i c 
effi c iency of 100 percent i s calculated with the equation 

13 

( 20 ) 

RESULTS AND DISCUSSION 

Whether or not ther e i s a need f or a high- performance cool ing- air 
impeller should be determined by eval uating the effect of the i mpel ler 
per for mance on the engine per formance (thrust and spec i fic fuel con
sumpt ion ) and also the effect of impeller performance on the maximum 
cooling- air flow that can be forced through the turb i ne blades when the 
cooling air is bled from the compressor . 

Effect of Impeller Performance on Engine Performance 

A l ow- performance cooling- air impeller requires a higher cooling
air supply pr essure at its inlet for a given cooling- air flow than a 
h i gh- per f ormance impeller . This means that for the low- performance 
i mpell er the cooling air must be bled from a later stage of the com
pressor . Thus) it is necessary that the turbine expend more power to 
drive the compressor ) and the resulting extraction of more energy from 
the combustion- gas stream decreases the engine thrust and increases the 
specific fuel consumption. 

Calculations were made to determine the effect of impeller perform
ance on engine thrust and specific fuel consumption by determining the 
engine performance for a series of assumed cooling- air supply total pres 
sures requ i red at the impeller inlet for a constant cooling- air flow. 
These calculations were made for the maximum engine speed attained in 
the impeller investigation of thi s report (8000 rpm) and for rated engine 
speed (11) 500 rpm) at coolant- flow ratios wa/wl of 0.03 and 0.05. The 

results of the calculations for 8000 rpm are presented in figure 7(a) . 
When the required total pressure at the impeller inlet is increased from 
50 to 100 percent of the compressor- exit total pressure at a coolant- flow 
ratio of 0 . 03) the engine specific thrust decreases from 27 . 2 to 25.9 
pound- seconds per pound (4 . 8 percent)) corresponding to a 60- pound loss 
in total engine thrust . The same change in required impeller-inlet total 
pressure at a coolant- flow ratio of 0 . 05 results in a decrease in engine 
specific thrust from 25 . 5 to 23.2 pound-seconds per pound (9 percent)) 
corresponding to a 100- pound loss in total engine thrust. For the same 
increase in impeller- inlet pressure) the thrust specific fuel consumption 
increases from 1 . 53 to 1 . 61 lb/(hr)(lb) at a coolant- flow ratiO of 0 . 03 
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and fr om 1 . 61 t o 1 . 77 Ib/(hr )(lb ) at a coolant- f l ow ratio of 0 . 05 
( incr eases of 5 . 2 and 9 . 9 per cent , respectively ). Since the cruise 
speed of an engine is usually greater than 70 per cent of rated, the 
effects of i mpell er perf ormance on engine performance at crui se speed 
will be smaller than those shown in figure 7(a) . 

The lines of constant over- all rotor adiabatic effi ciency ~R 

shown in figure 7 (a ) repr esent an efficiency calculated on the basis of 
the over - all total- pressure ratio from the blade exit to the impeller 
inlet . Since these eff i ciencies include the turbine b l ade pressure loss , 
it is possible to have a pressure ratio from the turbine blade tip to 
impeller inlet that i s l ess than 1 . 0 . Such pressure ratios result in 
the negative values of over- all rotor efficiency shown . All the curves 
of this figure are termi nated at a value of 50 percent of the compressor
exit total pressure , because, for lower values , atmospheric air could be 
s upplied to the impeller inlet for the conditions of the analysis . That 
is , the compressor pressure ratio P2/pi is about 2 . 0 at an engine speed 

of 8000 rpm. Below the value of 50 percent of compressor - exit total 
pressure , further improvement in i mpeller performance would have no ef
fect on either engine thrust or specific fuel consumpt i on . 

Points representing the experimentally determined percentage of 
compressor - exit total pressure required at the impeller inlet are also 
shown in figure 7 (a) . These pOints , which were obtained for the impel
ler without an inducer section when used with the turbine blade of 
figure 4 (a ) at an engine speed of 8000 rpm and coolant - flow ratios of 
0 . 03 and 0 . 05, show that the impeller and blade combination operated 
with an efficiency of about 40 percent at a coolant - flow ratio of 0 . 03 
and about -10 percent at a coolant- flow ratio of 0 . 05 . This decr ease 
in efficiency is pr imarily a result of the increase of blade pressure 
loss with increasing coolant flow, because the impeller pressure ratio 
does not vary significantly with cool ant flow (fig. 8 ). The data points 
and the efficiency lines shown in figure 7 (a ) are for the specific impel
ler and bl ades of this report , but the curves of engine performance are 
general and cover a range of impell ers that could be used in the hypo
thetical engines consider ed in the analysis. 

The loss in engine thrust at a coolant- flow ratio of 0 . 03 is small 
for the impeller and blades of this report . No particular effort was 
made to obtain high aerodynami c performance for this impeller, and it 
appears that little consideration need be given to the aerodynamic per
formance when the impeller is operating at low cooling- air flows with 
blades having a pressure loss of about the same magnitude as these 
tube- filled blades . If the turbine blade cooling- air flow is expected 
to be high, or if the turbine blades have a high pressure loss , the 
performance of the impeller and blade combination may have a, significant 
effect on the engine thrust and specific fuel consumption . This can be 
seen by observing the operating point of the straight impeller and blade 
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combination for a coolant-flow ratio of 0 . 05 in figure 7 (a) . The impel
ler requires about 73 percent of the compressor- exit total pressure for 
a coolant- flow ratio of 0.05 as compared with a compressor- exit total 
pressure of about 53 percent at a coolant- flow ratio of 0 . 03 . 

The variation of engine spec i fic thrust and specific fuel consump
tion at the rated engine speed of 11,500 rpm is presented in figure 7 (b) . 
No efficiency lines or data points are included in thi s figure because 
of the lack of experimental information. At this engine speed, an in
crease in required total pressure at the impeller inlet from 50 to 100 
percent of the compressor-exit total pressure results in a decrease in 
specif i c thrust from 56 . 9 to 56 . 3 pound- seconds per pound at the coolant
flow ratio of 0.03 (1.05 percent ) and from 55 .1 to 54 .1 pound- seconds 
per pound at a coolant-flow ratio of 0 . 05 (1. 81 percent). The corre
sponding increases in specific fuel consumption are from 1 . 256 to 1 . 272 
Ib!(hr) ( lb) at a coolant-flow ratio of 0 . 03 (1 . 3 percent) and from 1 .271 
to 1 . 295 Ib!(hr)(lb) at a coolant - flow ratio of 0.05 (1. 9 percent) . The 
decrease in actual engine thrust at a coolant- flow ratio of 0 . 03, if the 
required impeller-inlet total pressure varies from 50 to 100 percent of 
the compressor-exit total pressure, would be from 4310 to 4261 pounds 
(49- lb decrease), which is a small reduction in thrust . Therefore, it 
can be concluded that the loss in engine performance resulting from poor 
impeller performance will be relatively small at a coolant- flow ratio 
of 0 . 03 , and even at a coolant- flow ratio of 0 . 05 the loss in engine 
thrust was only 74 pounds. If high coolant- flow ratios are anticipated 
(in excess of 0.05), the effect of impeller performance on engine per
formance at rated engine speed will probably have a greater significance 
than has been shown by the results of figure 7 . 

Impeller Total- Pressure Ratio 

The performance of the impellers with and without inducer vanes is 
compared on the basis of the ratio of exit to entrance cooling-air total 
pressure in figure 8 . The data for both impellers generally fall in the 
range of pressure ratio from about 0 . 97 to about 1.10 . In order to give 
an idea of the relative impeller pressure ratio attainable i deally (100-
percent - efficient impeller) for the diameter of the impellers considered 
here, the values of ideal impeller relative total- pressure ratio were 
calculated for impeller speeds of 4000, 6000, and 8000 rpm and are in
dicated in the figure. For example, at an engine speed of 8000 rpm the 
value of the i mpeller pressure ratio for either impeller could be in
creased to 1.22 by increasing the impeller efficiency to 100 percent. 
This is an increase of about 11 percent in impeller pressure ratio above 
the maximum experimental pressure ratio obtained . As will be pointed out 
later , attempts to approach this ultimate impeller performance by refining 
the impeller design will probably be unnecessary for air-cooled turbine 
blades that are now being considered for use in turbojet engines . 

------ -------------------
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The calculation of the turb i ne blade pressure loss that was needed 

to obtain the impeller pressure ratio showed the necessity of determining 

the blade pressure loss accurately. To demonstrate this need, consider 

the impeller without inducer vanes and the blade used with it. At a 

coolant- flow ratio of 0 . 11 the total- pressure rise across the impeller 

is 0 . 74 inch of mercury and the total- pressure loss through the turbine 

blades is 22 . 6 inches of mercury. In view of the method used, it is 

obvious that a small inaccuracy in the calculation of the blade pres 

sure loss will r esult in a large effect on impeller pressure ratio . The 

effect i s not quite so serious at lower cooling-air flows where the blade 

pressure loss is smaller a nd therefore not such a large part of the over

all ( impeller inlet to blade tip) pres sure ratio . 

The following three assumptions were made in calculating the blade 

pressure loss for the eng ine investigations that could affect the value 

of calculated blade pressure loss: 

(1) No blockage of cooling- air flow area was caused by braze 

material . 

(2) The local measured static pressure at the turbine blade tips 

(station 10) was the average static pressure at the blade tips. 

(3) The cooling- air flow in the turbine blades is one- dimensional . 

Because of these assumpt ions, the values of the pressure ratio across 

the cooling- air impell er may be somewhat in error, but, since the same 

procedures were used in the evaluat ion of the impeller pressure ratios 

of both rotors, the comparison between the performance of the two 

impellers was considered valid . 

Cooling Air Available with Compressor Bleed 

Turbine blade cooling with air bled from the compressor discharge 

is possible with the assumption of zero ducting loss only when the re

quired total pressure at the cooling- air-impeller inlet is equal t o or 

less than the total pressure available at the compressor discharge. The 

r equired total pressure at the impeller inlet is a function of the 

cooling- air weight flow, the impeller performance, and the pressure loss 

through the turbine blades . The operating range of the impellers of this 

report i s compared with that of a hypothetical 100- percent-efficient im

peller in figure 9 for an engine speed of 8000 rpm. The blade conf igu

ration of figure 4(a) was selected because it has a higher cooling- air 

pressure loss than that in figure 4(b), as is shown in appendix B. Use 

of blades with a r elat ively high pressure loss results in the most pessi

mistic evaluation of cooling- air - flow r ange . Because the impellers with 

or without inducer vanes have essentially the same performance (fig. 8) , 

only a single line is shown in figure 9 for the operating range of both. 

The engine of this investigation using the blades of figur e 4(a) can be 

I 
I 
J 
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operated with air bled from the compressor exit over the part of the 
figure below the line of 100- percent compressor- exit total pressure and 
to the left of the impeller curves. Operation above the 100- percent 
line would require an auxiliar y compressor to raise the cooling air to 
a pressure greater than the compressor- exit total pressure . The coolant
flow ratio corresponding to the point on the figure where the impeller 
operating line meets the line representing 100-percent compressor-exit 
total pressure is the limiting flow ratio for the particular impeller 
being cons i dered . The two i mpell ers of this report had a limiting 
coolant- flow ratio of 0 . 084 ; by increasing the efficiency to 100 per
cent) the limit of operat i on could be raised to a coolant- flow ratio of 
0 . 103 wi th the particular tube- f i lled turbine blades used . 

Tube- filled turbine blades made of nonstrategic alloy Timken 
17- 22A(S) similar to the turbine blades considered in this figure may 
operate safely at 11) 500 r pm (rated engine speed) with a combustion- gas 
temperature of 14500 F) a cool ing- a i r temperature of 4500 FJ and a 
coolant - flow ratio of about 0 . 025 (ref . 11) . Therefore) when either 
the impeller with or the one without inducer vanes is used with turbine 
blades such as these) the maximum supply of cooling air available is 
about three times greater than the required quantity of cooling air for 
adequate cooling of the turbine blades. The limits that are presented 
are not absol ute limits for the operat ion of the cooling- air impellers 
considered here . These limits would become lower if a blade having a 
higher pressure loss were considered and would become higher for a blade 
of lower pressure loss. 

General Comments 

The analytical results show that turbojet-engine performance is not 
extremely sensitive to the turb ine cooling-air-impeller performance at 
rated engine speed for coolant- flow ratios up to 0.05; however) its 
significance should be evaluated on the basis of the type of aircraft 
in which the engine will be used . The experimental results indicate 
that the performance of the impellers with and without an inducer sec 
tion is essentially the same and that either impeller would supply about 
three times as much cooling air as i s necessary to cool turbine blades 
made of noncritical material at present- day turbine-inlet temperatures . 
Because impellers with and without inducer sect i ons have about the same 
performance and because the effect of impeller performance on engine 
performance i s not great) it appears that impellers having no inducer 
sections can be used on cooled turbojet engines designed for current 
or somewhat higher turbine-inlet temperatures without adversely affecting 
engine or cooling performance . Furthermore) it i s easier to fabricate 
rotors with straight radial vanes (no inducer section) than r otor s with 
an inducer . For future high- temperature engines) where blades having 
high pressure losses , or requiring large amounts of cooling air ) or 
both) may be employed) relatively s light differences in impeller 
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pressure ratio may affect the cooling performance of the blades to such 
a degree that design refinements of the cooling- air impellers may be 
required. 

SUMMARY OF RESULTS 

The results of an analytical and experimental investigation of 
turbine cooling- air impeller s are summarized as follows : 

1 . The results of an analytical investigation to determine the ef
fect of impeller performance on engine performance showed that, at rated 
engine speed (11, 500 rpm) and a coolant- flow ratio of 0 . 03, the effects 
of impeller performance on engine per formance wer e small . For example, 
increasing the required i mpeller - inlet total pressure from 50 to 100 
percent of the compr essor- ex i t total pressure decreased engine thrust 
about 1 percent and increased specific fuel consumption 1.3 percent . 
When the coolant- flow ratio was increased to 0.05, the decrease in 
thrust and increase in specific fuel consumption were 1 . 8 and 1.9 per
cent , respectively . 

2 . The experimental data obtained from impellers with and without 
inducer sections indicated that the relative total- pressure ratios for 
both impellers were about the same . They ranged from about 0.97 to 1.10 
f or eng ine speeds of 4000, 6000, and 8000 rpm . Either COOling- air im
peller could supply the same quantity of cooling air to a g iven set of 
t urbine blades, because the relative t otal- pressure ratios of the two 
impellers investigated were essentially the same . If the cooling-air 
impellers used tube- filled turbine blades having a relatively high pres
sure los s and were operated in an engine at 8000 rpm, e i ther would be 
capable of supplying cooling air at a rate equivalent to a coolant-flow 
rat io of about 0 . 084 (about three times the quantity of coolant required 
to cool turbine blades made of nonstrategic material at present- day 
turbine- inlet temperatures) . Turbine cooling- air impellers without 
inducer sections, which are easier to fabri cate than impellers with 
inducer sections , appear to offer satisfactory performance for use with 
nonstrategic turbine blades at current gas temperatures or with stra
tegic turbine blades at higher gas temperatures . 

Lewis Flight Propulsion Laboratory 
National Advisory Committee for Aeronautics 

Cleveland, OhiO, August 16, 1954 
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APPENDIX A 

SYMBOLS 

The following symbols are used in this report: 

cross - sectional area) sq ft 

specific heat at constant pressure) Btu/(lb) (OR) 

hydraulic diameter) 4 times flow area) ft 
wetted perimeter 

thrust) lb 

friction due to contraction) ft -lb/lb 

fuel -air ratio 

friction factor as determined from von K~r~n equation) 
l/~frK = 4 .0 log (Re~) - 0 . 40 

acceleration due to gravity) ft/sec 2 or lb mass/slugs 

convection heat-transfer coefficient) Btu/(sec)(sq ft)(OR) 

effective inside heat - transfer coefficient) Btu/Csec)(sq ft)CoR ) 

mechanical equivalent of heat) 778 .2 ft-lb/Btu 

press~e-loss coefficient 

thermal conductivity) Btu/(sec) (ft) (oR) 

effective fin length) ft 

Mach number 

fin spacing) ft 

nominal engine speed) rpm 

static pressure) lb/sq ft or in . Hg abs 

total pressure) lb/sq ft or in . Hg abs 

gas constant) ft-lb/(lb)(oR) 
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Re Reynolds number 

r radius, ft 

S blade - shell inside - s urf ace area, s q ft 

T static temperatur e , oR 

T' total temperatur e , oR 

V velocity, ft / sec 

w weight - flow rate , lb/sec 

y ratio of specific heats 

5 ratio of absolute total p r essure at given station to absolute 
total pressure at NACA s tandard sea- level conditions, p '/2ll6 

1') efficiency 

e ratio of absolute total temper ature at given station to ab s olute 
total temperature at NACA standard sea- level conditions, 
T'/SlS . 7o R 

~ absolute viscosity, s l ugs /( sec )( ft) 

p denSity, lb / cu ft 

~ fin thickness, ft 

~ ~2ha , b/~kb 
Qa power expended on cooling air within turbine rotor, Btu/ sec 

Qc compressor power, Btu/ sec 

QT turbine power, Btu/ sec 

ill angular veloc ity , radians/sec 

Subscripts: 

a cooling air 

b blade ( refer s to quantities based on blade temperature when used 
with Re, ~,and k) 
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c 

c 

F 

film 

H 

R 

T 

1,2 , 3, 4 , 5 
6, 7,8,9,10 

Superscripts : 

" 

compressor 

contraction 

fuel 

refers to quantities based on film temperature between 
cooling air and blade shell 

heat transfer 

rotation 

turbine 

stations through engine (see figs. 5 and 6 ) 

total conditions 

total conditions relative to turbine rotor 

average value 

21 
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APPENDIX B 

BLADE PRESSURE -LOSS CALIBRATION 

As has been pointed out in the body of the report, the blade and 
blade -base cooling-air pressure loss must be calculated so that the 
impeller pressure ratios can be evaluated from the engi~e data . The 
pressure loss through the cooling-air passages of the blade is calculated 
with the charts of reference 7, and the pressure loss across the blade 
base is evaluated from the equation 

4J t = K (pv
2

\ 
7 - 8 ~g ) 

Before these calculations were made with the engine data, mock- ups 
of a sector of the turbine disk of reference 3 and of this report were 
fabricated . The proper turbine blade was mounted on each sector. These 
mock- ups were made to permit the experimental evaluation of the base 
pressure - lass coefficient for the blade of this report and the blade of 
reference 3 and also to check whether friction factors known to be appli
cable to circular pipes could be used with the reference 7 pressure -loss 
charts to calculate the friction pressure loss through the blade 
cooling-air passages of the two blades. A check of the use of pipe 
friction factors with tUbe -filled turbine blades was also made in ref
erence 12 , which stated that pipe friction factors as defined by the 
von Karm~n equation permit the calculation of the blade pressure loss 
with an accuracy of 6 percent . The repeat of the check of the use of 
pipe friction factors for calculating the friction pressure loss through 
a tUbe - filled turbine blade was made in this report because the blade 
cooling -air - flow passages were partially blocked with braze material and 
also the blades of this investigation had bases fastened to the blade 
shells that gave a cooling- air entrance to the blades that was different 
from that in reference 12 . 

Blade Pressure- Loss Calibration Rig and Instrumentation 

The blade pressure -loss calibration rig consisted of a mock-up 
section of one cooling- air passage within each of the cooling-air impel
ler s . The mock- up rotor section without an inducer is shown disassem
bled in figure lO(a) and for the rotor with an inducer section in figure 
lO(b). An as sembled view of the mock- up sector for the rotor with the 
inducer vanes is shown in figure 11. The assembled mock - up sector for 
the rotor without inducer vanes had essentially the same exterior 
appearance . 

The mock-up rotor segments were made of brass and each contained a 
full - scale duplication of one cooling-air - flow passage. 
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The location of instrumentation in the mock-up rotor segments is 
shown in figure 12. Four static -pressure measurements were made at the 
exit of the impeller passage (entrance to the blade base) in a plane 5 .1 
inches from the biade tip in each mock- up ; the pressures were measured 
at a point midway along each of the four walls of the impeller cooling
air passage . Total-pressure surveys were made at the tip of both blades 
and at a plane about 0.1 inch inside the entrance to the cooling-air 
passages. For the blades used in the rotor without an inducer section} 
this plane was 4 .4 inches from the blade tip; and for the blades used 
in the rotor with the inducer section} the plane was 3.9 inches from the 
blade tip . These total -pressure measurements were made in each of the 
blade cooling-air passages with a movable probe that was inserted from 
the blade tip. This probe was made from stainless steel tubing having 
an outside diameter of 0 .020 inch . 

Air was supplied to the test sections at room temperature from a 
laboratory high-pressure air system . The air was exhausted from the 
blade tips into the test cell} which was at barometric pressure. The 
air flow was controlled with hand-operated valves and was measured with 
calibrated air rotameters about 10 feet upstream of the test sections . 
Air temperature was measured by an iron-constantan thermocouple installed 
at the inlet to the rotameters . 

Experimental Procedure 

The measuring and calculating station numbers are shown in figure 
12 . 

The total-pressure drop across the blade base and across the blade 
cooling-air passage was determined for a range of air weight flows from 
0 .016 to 0 . 08 pounds per second in eight increments. At each weight flow 
a total- pressure survey was made at stations 8 and 9 . These surveys con
sisted of a total-pressure measurement in each of the cooling-air pas 
sages in the blade at both of these stations . The probe was positioned 
in each passage to give a maximum reading . The four static pressures 
at the entrance to the blade base (station 7) were also recorded for 
each weight flow and were used to calculate the total pressure at this 
station. The probe readings could be repeated within about 0 .1 inch of 
mercury or about 2 percent . 

The total air temperature and the air weight - flow rate were also 
measured for each survey. 

The same procedure was followed for both mock- ups of the disk and 
blade combinations. 

Calculation Procedure 

A comparison between the calculated and the measured total -pressure 
loss through the cooling-air passage of the turbine blades on the mock- up 

-
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was made to check the applicability of the pipe friction factors and the 
char ts of reference 7 for calculating the total -pressure loss through 
the turbine blades due to friction . The pressure -loss evaluation is made 
starting with the cooling-air Mach number at the blade tip and working 
through the bl ade to obtain the Mach number at the inlet to the cooling
air passage . One - dimensional adiabatic flow conditions are assumed in 
these calculations . The following two parameters must be evaluated in 
order to use the pressure- loss char ts of reference 7 : 

Tip Mach number Mg 

Friction parameter 

The cooling-air Mach number at the blade tip is calculated with 
the energy equation and the continuity equat ion, which are combined to 
give 

(Bl) 

The cooling- air passage flow area used in this calculation for the 
pressure -loss calibration tests was the actual cooling-air - flow area of 
the blade mounted on the disk mock - up . This area was measured at the 
blade tip . 

The friction factor needed in the evaluation of the friction param
eter is obtained from von Karman friction - factor equation, which can be 
written as 

l/frK = 4 .0 log (Re v'frK) - 0 . 40 ( B2 ) 

which gives the frict i on factor for established turbulent flow. Ref 
erence 13 states that a passage length at least equal to 40(L/Dh) is 

required to obtain established turbulent flow . This requirement means 
that most of the blade span will be needed to obtain established flow, 
since the diameter of the cooling-air tubes was 0 .10 inch . Thus, the 
friction factor as obtained fr om equation ( B2 ) is increased by 5 percent 
to account for the entrance effect, according to reference 14, before 
it is use d to evaluate the friction parameter . Hereafter, this friction 
factor will be called corrected fr i ction factor . The Reynolds number 
needed in e quation ( B2) is evaluated from the equation 

(B3 ) 

The value of the Mach number at station 8 is then obtained from the 
pressure - loss charts with the friction parameter and the Mach number at 
station 9 . The total cooling-air pressure at station 8 is calculated 
from the values of the Mach number, the total cooling-air temper ature, 
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the cooling-air weight flow) and the cooling-air - flow passage area at 
station S with the continuity equation . This procedure is used to de 
termine the friction pressure loss through the blade cooling- air passage. 

The pr essure loss through the blade base is essentially a sudden 
contraction loss. According to r eference 15) this type of loss can be 
expressed as 

(B4 ) 

where Fr is the friction due to sudden contraction (ft - lb!lb of fluid). 
The total -pressure loss due to sudden contraction can be written as 

(B5 ) 

In order to use equation (B5 ) to evaluate the base loss coefficient for 
both blade base configurations) it is written in the form 

p I - p I ~2T u 7 S a S R 
PS = 22 2g 

SPS 

(B6) 

The total pressure P7 is calculate d from the measured values of P7) 

wa ) T~) and A7 . The total pressure at station S i s obtained from the 
surveys made at this station . The static pressure at station S is cal
culated from the measured values of Pg) wa ) T~) and AS " The t otal air 

temperature is used in place of the static temperature at station S) 
inasmuch as the Mach number at this station is low . This base pressure
loss coefficient then permits the calculation of the pressure drop across 
the blade base from stations 7 to S) wh ich can be added to the pressure 
loss from stations S to 9 to give the over -all pressure drop across the 
turbine blade and blade base . The identical procedure was used in 
calculating the pressure drop across both blade configurations; however ) 
individual blade base pressure -loss coefficients were determined experi 
mentally for each of the blades . 

Results of Pressure -Loss Calibration 

The base loss coefficients for both blades are calculated with equa
tion (B6) . The base loss coefficients obt ained for the r ange of a ir 
flows investigated were averaged arithmetically " The a V8rage coefficient 
obtained for the base of the blade used on the impeller with no inducer 
vanes was 0 . 62 and that for the blade used on the impeller with inducer 
vanes was 0 . 23. 



26 NACA RM E54Hl2 

The pressure loss resulting from a sudden contraction is a function 
of the ratio of the t wo flow areas involved . Values of contraction loss 
coefficients for a range of area ratios are presented in reference 15. 
The calculated contraction loss coefficients (stations 7 to 8 ) obtained 
from reference 15 for both blades are 0 . 38 for the blade used with the 
impeller without inducer vanes and 0 . 26 for the blade used wi th the impel 
ler with inducer vanes . The value of 0 . 38 does not agree well with the 
experimental value of 0 . 64 , but the value of 0 .26 for the other blade 
agrees very well with the experimental value of 0 . 23. These values can
not be expected to agree exactly wi th the experimental values of base 
loss coefficients, because the flow into the blade base is probably not 
established turbulent flow and the contraction is not from a single large 
passage into a single small passage, but rather from a single large pas 
sage into several small irregular - shaped cooling-air passages in the 
turbine blade . In spite of this possible inaccuracy, the procedure for 
ob t a ining a calculated blade base loss coefficient would probably be 
satisfactory for a design study , because the blade base pressure loss for 
the type of blades used here is about 20 percent of the over -all pressure 
loss across the blade, and , therefore, an error in the base pressure loss 
will have only a minor effect on the over -all blade pressure loss . 

A comparison of the total cooling-air pressure loss from stations 
7 to 9 of both of the turbine blades investigated in the calibration rig 
i s presented in figure 13 . The data show that the pressure loss across 
the blade used in the rotor without inducer vanes was about twice the 
pressure loss of the blade used in the rotor with inducer vanes . For the 
blade used with t he rotor without inducer vanes, about 80 percent of t he 
t otal -pressure loss occurred in the blade cooling passage and 20 percent 
in the blade base . For the blade used on the rotor with inducer vanes, 
90 percent of the total -pressure loss occurred in the blade and 10 per 
cent in the blade base . 

The accuracy with which the fric t ion pressure loss through the tur 
bine blade can be calculated by using the corrected pi~e friction factors 
and the charts of refer ence 7 is demonstrated by comparing the calculated 
total pressure at station 7 with the value obtained experimentally for 
this station . The calculated total pressure at station 7 was obtained 
by adding the calculated total -pressure loss through the turbine blade to 
t he total press ur e at the blade tip . This comparison (fi g . 14) indicates 
that the use of pipe friction factors with the charts of reference 7 per 
mits sufficiently ac cur a te calculation of the pressure loss through the 
t urb ine blades t ha t were used in this investigation. The maximum error 
in the calculation of the total pressure at station 7 was 3.0 inches of 
mer cur y or 8 . 7 perce nt . The comparison demonstrates that, for the con
di t i on of zero heat t ransfer to the cooling air and zero rotation, the 
a ccur acy of t he c alcul a tion of t he pressure loss t hrough the turbine bl a de 
is good . I n r efer ence 12 t he eff ec t of heat t r a nsf er on the accuracy of 
turbine b l ade pressure -loss calculations wa s evaluated and i t was con
c l ude d t hat even in the presence of heat transfer t he cooling- a ir press ur e 
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loss through tube-filled blades could be calculated with a reasonable 
degree of accuracy when the friction factor was evaluated for the condi
tion of zero heat transfer. Since there were no instruments available 
for measuring pressures on a rotating turbine, no check of the accuracy 
of the calculation of the total-pressure change through the turbine blade 
due to rotation could be made. 
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Figure 1. - Engine modifications and cooling- air instrumentation . 
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(a) Rotor wit hout inducer. 

C- 36598 

Rear ha l f of r otor Front ha l f of rotor 

(b) Rotor with inducer vanes ( r ef s . 3 and 4) . 

Figure 2. - Spl it- disk cool ing-air i mpeller s wi t h and without i nducer vanes at impell er inlet . 
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Figure 3. - Comparison of geometry of air-cooled rotor without inducer section and rotor with inducer 
section. (All dimensions in inches or degrees. ) 
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(a ) Bl ade used in impeller 
without inducer vanes. 

Length of' cool~ng air" tubes 
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(b) Bl ade used in impel ler with 
inducer vanes (ref . 3) . 

Figure 4. - Air-cooled turbine blades used in impeller investigations . 
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Figure 5 . - Stations for engine performance cal culations . 
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Figure 7. - Variat ion of specific thrus t and specific 
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Figure 10 . - Mock- up section of rotor for investigating blade 
pressure loss . 
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Figure 11. - Assembled mock-up test section of rotor with inducer section . 
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Figure 12 . - Location of pressure instrumentation in mock- up rotor segments . :All dimensions in inches .) 
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