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Effects of Transient Heat
Transfer on Compressor Stability
The effects of heat transfer between the compressor structure and the primary gas path
flow on compressor stability are investigated during hot engine re-acceleration transi-
ents. A mean line analysis of an advanced, high-pressure ratio compressor is extended to
include the effects of heat transfer on both stage matching and blade row flow angle devi-
ation. A lumped capacitance model is used to compute the heat transfer of the compressor
blades, hub, and casing to the primary gas path. The inputs to the compressor model with
heat transfer are based on a combination of full engine data, compressor test rig meas-
urements, and detailed heat transfer computations. Nonadiabatic transient calculations
show a 8.0 point reduction in stall margin from the adiabatic case, with heat transfer pre-
dominantly altering the transient stall line. 3.4 points of the total stall margin reduction
are attributed to the effect of heat transfer on blade row deviation, with the remainder
attributed to stage rematching. Heat transfer increases loading in the front stages and
destabilizes the front block. Sensitivity studies show a strong dependence of stall margin
to heat transfer magnitude and flow angle deviation at low speed, due to the effects of
compressibility. Computations for the same transient using current cycle models with
bulk heat transfer effects only capture 1.2 points of the 8.0 point stall margin reduction.
Based on this new capability, opportunities exist early in the design process to address
potential stability issues due to transient heat transfer. [DOI: 10.1115/1.4041290]

Introduction

During an engine transient, convective heat transfer occurs
between exposed surfaces of the compressor and the main gas
path fluid due to differences in the characteristic time scales of the
gas path fluid and metal temperatures. The flow through the com-
pressor can be considered quasi-steady as the reduced frequency,
based on the flow through time and the rotor acceleration time
constant,2 is typically on the order of 10�3. The time scale of the
main gas path fluid temperature is therefore governed by rotor
speed. Component temperatures, however, lag behind the main
gas path fluid temperature due to thermal inertia, and the resultant
temperature difference drives the heat transfer.

Transient heat transfer impacts compressor stability in three dif-
ferent ways. First, changing component temperatures leads to
thermal growth of the rotors and casing, changing the tip clearan-
ces. Second, heat transfer from the gas path alters the compressor
stage matching, reducing stability, and shifting the stall line
toward the operating line. The altered stage matching also shifts
the transient operating line up, which further reduces stall mar-
gin,3 however, it will be shown that this effect is less significant.
Finally, heat transfer between the blade surface and the gas path
alters the blade boundary layer development, changing the blade
row total pressure loss and deviation, further impacting stage
matching and stability.

Much of the literature has focused on investigating changes in
tip clearances due to heat transfer and the associated impact on
compressor stability (e.g., see Refs. [1] and [2]) and information
on the impact of heat transfer to the main gas path is limited. Mac-
callum and Grant [3] simulated the effects of heat transfer during

a high altitude deceleration using a boundary layer model and
found the change in deviation to be approximately 1 deg for heat
transfer rates approximately half that in the current study. Incor-
porating this into a mean line model, heat transfer resulted in a
12.2 point reduction in stall margin for a 12 stage compressor
with a pressure ratio of 5. 60% of the total loss was attributed to
deviation effects and 40% due to stage matching. Crawford and
Burwell [4] later computed the heat transfer for several “Bodie”
transient experiments and found that the heat transfer was greater
for transients in which the compressor stalled. Recently, Lou et al.
[5] found heat transfer responsible for reduced stall margin during
hot deceleration transients in a high-speed centrifugal compressor.

Scope of Paper

While there is evidence of detrimental heat transfer effects on
compressor stability, there is a lack of capability to characterize
these effects from first principles. As a result, empirical models
are often used during the design process. This paper rigorously
assesses the effects of transient heat transfer on compressor stabil-
ity by addressing the following objectives:

(1) Quantify stall margin loss due to transient heat transfer
based on first-principles.

(2) Quantify the relative contribution of stage matching and
changes in blade boundary layer development to the total
stall margin loss.

(3) Characterize the underlying mechanisms that govern stall
margin loss due to transient heat transfer.

(4) Assess the sensitivity of stall margin loss to heat transfer
effects.

The paper is organized as follows: a mean line model with heat
transfer effects is first introduced and a lumped capacitance model
is derived to estimate the component heat transfer during an
engine transient. It is shown that stage mismatching is the key
contributor to stall margin loss. A detailed stage matching analy-
sis, together with a study of the impact of heat transfer at different
axial locations, follows and demonstrates that increased front
stage loading leads to instability. An assessment of stall margin

1Corresponding author.
2The rotor acceleration time constant is governed by the rotor inertia and is

typically on the order of seconds.
3In this paper, stall margin is defined using the common industry definition:

SM¼ (PRstall�PRop)/PRop, where PRop is the pressure ratio at the operating point
and PRstall is the pressure ratio at stall for a given inlet corrected mass flow.
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loss to heat transfer magnitude shows the stage matching to be
particularly sensitive at low speed, where the compressibility
effects due to heat transfer become significant. Finally, the capa-
bility of the modified mean line is compared to conventional zero-
dimensional modeling of the compressor map, revealing signifi-
cant potential to improve the compressor design process.

Technical Approach

Mean Line Model. A mean line model of a core compressor
was modified to incorporate the effects of heat transfer. A detailed
description of the implementation can be found in Ref. [6]. The
object-oriented turbomachinery analysis code (OTAC) is imple-
mented in the numerical propulsion system simulation (NPSS)
framework [7,8]. Utilizing OTAC allowed the mean line model to
be coupled with a combustor model in NPSS to capture
compressor-turbine matching. Blade row inputs such as blade
geometry, loss and deviation characteristics, and flow path block-
age were derived from detailed computations of an eight stage,
high pressure ratio core compressor of advanced design. As the
reduced frequency (based on flow-through time and the rotor
acceleration time constant) was much less than unity, simulations
of transient events were performed in a quasi-steady manner using
the NPSS steady solver. The nozzle guide vanes of the high pres-
sure turbine were assumed to be choked throughout the transient.
Transient fuel flow and variable geometry schedules were also
included. The core compressor inlet stagnation pressure and tem-
perature and the corrected shaft speed were imposed as a function
of time and derived from the industry sponsor’s engine system
model. The adiabatic model performance, both steady-state and
transient, agree within 2% of data from the engine system model
[6]. The computed baseline adiabatic operating line for a Bodie
transient and adiabatic compressor map is given in Fig. 1.

The adiabatic mean line code was extended to include the
effects of heat transfer on blade loss and flow angle deviation.
Shah [9] found that changes in blade stagnation pressure loss due
to heat transfer can be appropriately modeled by isobaric, constant
area channel flow with heat transfer (Rayleigh flow). It was also
found that flow angle deviation d varied linearly both with heat
transfer rate and blade relative Mach numbers. These two correla-
tions were implemented in the mean line model according to

Dpt;HX

pt;i
� �

cM2
rel;i

2
q� jq�j � 1 (1)

Dd ¼ q�

0:001
f

f ¼ 0:1 deg for Mrel;i ¼ 0:4

f ¼ 0:25 deg for Mrel;i ¼ 0:8

(
(2)

where q* is the heat transfer rate nondimensionalized by the blade
inlet stagnation enthalpy inflow rate. To quantify the relative
importance of stage rematching and deviation effects, the

deviation correlation parameter f can be set to zero, removing the
effects of heat transfer on flow angle deviation. The unsteady,
dimensional heat transfer rate _QðsÞ for each blade row was an
input to the mean line model and was estimated using a lumped
capacitance model.

Lumped Capacitance Model. A lumped capacitance model
was developed to estimate representative heat transfer rates from
the exposed surfaces to the main gas path. For each blade row, the
blade surface, casing, hub, and rotor disk bulk temperatures were
modeled. The temperature of the cavity in which the disks reside
was also modeled and the cavity air was fed by an interstage
bleed. The modeled heat transfer mechanisms and component
temperatures are represented by a thermal network, summarized
for a single stage in Fig. 2. The dominant mechanism is convec-
tion from the casing, hub, and blade surfaces to the main gas path.
Geometrical and material parameters for each blade row were pro-
vided by the industry sponsor. Component convective heat trans-
fer coefficients with the main gas path for each blade row were
derived from high fidelity computations at several corrected
speeds.

Also modeled are secondary heat transfer mechanisms such as
convection between the rotor disk surface and the cavity (wind-
age), radial conduction between the disk and the hub surface, and

Fig. 1 Baseline adiabatic operating line and compressor map
for Bodie transient from mean line model

Fig. 2 Modeled heat transfer mechanisms and thermal network
representation used to estimate representative heat transfer
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axial conduction between different hub sections. Farthing et al.
[10] found that windage Nusselt numbers correlated well with a
Reynolds number based on disk rim speed and radius. For each
instant in time during the transient, the windage Nusselt number
was recomputed based on the correlation in Ref. [10] to determine
the windage convective heat transfer coefficient.

To estimate the unsteady heat transfer, the adiabatic flow field4

was first computed for an adiabatic Bodie transient. The compo-
nent metal temperatures in the model were initialized using the
gas path temperatures at the steady-state operating point at the
beginning of the transient. The model was then marched forward
in time with the gas path temperatures from the adiabatic flow
field serving as an unsteady boundary condition. The transient
heat transfer rate, an input to the nonadiabatic mean line model,
and updated component temperatures were computed at each
instant in time. The lumped capacitance model was validated with
high fidelity computations for a snap acceleration transient,
proving its ability to estimate representative heat transfer rates for
transient events.

The net heat transfer rate for the re-acceleration portion of the
Bodie transient is a function of time nondimensionalized by the
acceleration time constant, as shown in Fig. 3. The maximum heat
addition occurs at the beginning of re-acceleration when the metal
component temperatures are still high due to their greater thermal
inertia, and the gas path temperatures are low. As the transient
progresses, the heat addition decreases as the gas path tempera-
tures increase, with a period of heat extraction occurring at high
speed. As will be shown, the period of heat addition at low speed
will be the most critical time of the transient during which the
greatest stall margin loss occurs.

Stall Detection Criterion. To determine the compressor stall
points, it is necessary to define a stall criterion within the frame-
work of the mean line model. Generally, there are two routes to
rotating stall: modal-type and spike-type stall inception [11].
Spike-type stall inception has been shown to be the result of a
blade exceeding a critical incidence angle and the resultant sepa-
ration and shedding of leading-edge vorticity [12]. As blade load-
ing is a direct function of the incidence angle, and determining the
critical incidence angle with three-dimensional CFD was beyond
the scope of this work, a stall criterion to capture spike-type stall
was based on the Lieblein diffusion factor [13]. If an operating
point resulted in a blade row exceeding the critical diffusion factor
(typically 0.6), the compressor was considered to have stalled due
to spike-type stall. The critical diffusion factor was determined by
examining the diffusion factor of each blade row at the known
adiabatic stall line.

The concept of disturbance power generation was used to cap-
ture modal-type stall inception. Rotating stall and surge are the
natural oscillations of the system initiated by the growth of long
wavelength (radius scale) prestall waves. Disturbance power is
the energy contained in the eigenmodes of the compression sys-
tem which describe these prestall waves [14]. Each blade row pro-
duces positive or negative disturbance power, corresponding to
negative or positive damping, respectively. The stability limit is
the point of net-zero disturbance power. The disturbance power
generation of a blade row is defined in Eq. (3), where primed
quantities are unsteady perturbations from the steady, mean flow
quantities

Pblade ¼
ð ð

blade

p0V0x þ �V x
p0ð Þ2

2�q�a2
þ �q V0ð Þ2

2

 ! !
dA (3)

The first term represents the rate at which disturbance-pressure
work is performed by the blade. The second and third terms repre-
sent the rate of change of the internal and kinetic energy, respec-
tively, of the prestall waves. A compressible dynamic model
would be required to compute the disturbance power generation
but this was beyond the scope of this work. Instead, data from the
mean line model were used to estimate the disturbance power gen-
eration. To compute a speed line, the full mean line model was
evaluated for a variety of mass flows at constant speed, producing
the full flow field at a number of mass flows along the speed line.
To estimate the disturbance power generation at a given operating
point with mass flow _m1 on the speed line, the flow field of the
next operating point along the speed line, with mass flow _m2, was
cast as perturbation, i.e., _m2 ¼ _m1 þ _m 0. The flow field at _m2 was
utilized to compute the perturbation quantities shown in Eq. (3),
e.g., V0 ¼ V2 � V1. In the absence of a fully compressible
dynamic compressor model, this method made the best possible
use of the available information from the quasi-steady model to
estimate the disturbance power generation.

The disturbance power approach for modal-type stall inception
is relevant in multistage compressors where operation on the posi-
tively sloped side of the pressure-rise characteristic may be possi-
ble due to a single strong stage stabilizing the system [15]. It is of
even greater importance in this study as the increased losses and
flow angle deviation due to heat addition, and the associated stage
mismatching, alter the slope of the characteristic and promote
modal-type stall inception.

Effects of Heat Transfer on Compressor Performance

A challenge when considering nonadiabatic transients is the
unsteady nature of the heat transfer with the main gas path. The
stage matching is dependent on the heat transfer distribution, and
thus, the entire compressor map, the speed lines, stall line, and
operating point are all functions of time. The compressor map is
altered throughout a nonadiabatic transient, differing from the adi-
abatic case.

The general effects of heat transfer on the compressor speed
lines are demonstrated generically for a single speed line in Fig. 4,
with the adiabatic compressor map shown in black. For the case
of heat addition to the gas path fluid (q*> 0), the speed lines shift
to lower corrected flows due to mismatching. The speed lines also
shift to lower pressure ratios due to the increased loss and reduc-
tion in flow turning from increased deviation. The operating point
moves to a higher pressure ratio and the stalling pressure ratio is
reduced, resulting in stall margin loss. The slope of the speed line
decreases, primarily due to mismatching, promoting modal-type
stall inception and reducing the stable operating range. For heat
extraction (q*< 0), the opposite effects occur; the flow capacity
and the stalling pressure ratio increase, the operating point moves
to a lower pressure ratio, and the speed line grows steeper.

At each instant during the transient, a distinct heat transfer dis-
tribution occurs and the compressor rematches accordingly,

Fig. 3 Transient net heat transfer rate during re-acceleration
portion of a Bodie with maximum heat addition at initial re-
acceleration

4Flow field is here used in the mean line sense, i.e., flow velocity, flow angle,
pressure, and temperature at each blade row inlet and outlet.
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producing a unique speed line and operating point. The time
dependence of the speed lines is shown generically in Fig. 5 for
three distinct times during a re-acceleration transient: heat addi-
tion at s¼ 0.0, zero net heat transfer at s¼ 0.5, and heat extraction
at s¼ 0.75.5 The effect of unsteady heat transfer on the transient
operating line is also demonstrated in Fig. 5. During periods of
heat addition, the transient operating line upmatches, moving to
higher pressure ratios relative to the adiabatic case. The colors are
used to represent the heat transfer magnitude at the time that speed
was reached, with dark red representing maximum heat addition
and dark blue representing maximum heat extraction. As before,
the adiabatic compressor map and the transient operating line are
shown in black.

To represent the constantly changing compressor map in a sin-
gle representation, we define a “composite compressor map.” The
composite compressor map is an ensemble of speed lines, each
realized with the heat transfer distribution at the time the speed
was reached during the transient. It can be thought of as a collec-
tion of nonadiabatic speed lines for various instants in time
throughout the transient. The stall line in the composite compres-
sor map is defined by interpolating between the stall points of the
nonadiabatic speed lines. The transient stall margin can be com-
puted by overlaying the transient operating line on the composite
compressor map, as is done in Fig. 6. The adiabatic compressor
map and operating line, in black, serve as a basis of comparison
and highlight the effects of heat transfer.

Figure 7 shows the composite compressor map as computed by
the mean line model for the re-acceleration portion of the Bodie
transient from Fig. 1. For clarity, the entirety of the nonadiabatic
transient is shown in red, unlike in Fig. 6, even though the com-
pressor experiences heat extraction at high speeds. The transient
operating line shows greater excursion at low speed, when high
levels of heat addition occur, but more significantly the stalling
pressure ratio is reduced by as much as 11%. These two factors
produce a maximum net reduction in stall margin by 8.0 points as
shown in Fig. 8, which compares the computed stall margin of the
nonadiabatic and adiabatic cases as a function of corrected speed
throughout the transient. The computed stall margin is also shown
when heat transfer effects on flow angle deviation are removed
(f¼ 0) and any stall margin loss is due entirely to compressor
rematching. Of the maximum 8.0 points of stall margin loss, 4.6

(58%) are attributable to rematching, although this percentage
changes at higher speeds with less stall margin loss. Above 91%
speed, the nonadiabatic cases have greater stall margin than the
adiabatic case. This corresponds to the moment during the tran-
sient in which heat is no longer added to the main gas path but
extracted, occurring at s¼ 1.25 in Fig. 3.

Fig. 4 Generic representation of the effects of heat transfer on
a compressor speed line. Heat addition to the gas path fluid
reduces flow capacity, stalling pressure ratio, and speed line
slope.

Fig. 5 Generic representation of time-dependent speed lines
due to unsteady heat transfer

5The times given here are generic and are not intended to reflect times shown in
Fig. 3.
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The predicted 8.0 point reduction in stall margin is comparable
to the 12.2 point reduction estimated by Maccallum and Grant [3].
Whereas 60% of the maximum stall margin loss was attributed to
deviation effects in Ref. [3], only 42% of the total stall margin
loss is due to deviation effects in the present study (Maccallum
et al. only considered the point of maximum stall margin loss).
This difference is attributable to the large differences in architec-
ture of the test compressor. Maccallum et al. examined a 12 stage
compressor of pressure ratio five, while the current study is of an
eight stage, high-speed compressor with a pressure ratio several
times higher. The importance of stage matching increases with ris-
ing overall pressure ratios and falling stage counts.

Mechanism of Stall Margin Loss Due to Heat Transfer

Given that heat addition tends to reduce the slope of the speed
lines, it is expected that heat transfer influences the stall inception
mechanism. Table 1 compares the net heat transfer rate q�comp;net

and the path into instability (either spikes or modal waves) for
several different times in the transient. The stall inception type
was determined by the stall criteria: if the diffusion factor crite-
rion was met first, it was considered spike-type, and if the disturb-
ance power criterion was first met, it was considered modal-type.
The stall inception was modal-type for all the time instants shown
with heat addition and spike-type for nearly all times with heat
extraction, supporting the hypothesis that heat addition promotes
modal-type stall inception. Further evidence is found in Fig. 9
which demonstrates the change in disturbance power generation

Fig. 6 Schematic example of a composite compressor map
used to represent the unsteady nature of speed lines and stall
line during a transient with heat transfer

Fig. 7 Computed composite compressor map with heat transfer. Heat transfer produces a
larger shift in the stall line than the transient operating line.

Fig. 8 Stall margin throughout the re-acceleration transient
with a maximum of 8.0 points of stall margin loss

Table 1 Comparison of net heat transfer rate and type of stall
inception throughout re-acceleration transient. Heat addition
promotes modal-type stall inception.

Time, s Speed (%) Heat transfer, q�comp;net Stall inception

0.0 78 0.091 Modes
0.5 83 0.052 Modes
0.9 87.5 0.025 Modes
1.2 90 0.010 Modes
1.5 95 –0.026 Modes
1.7 97.5 –0.037 Spikes
2.0 99 –0.031 Spikes
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for each blade row across all speeds with heat addition. With heat
addition, the front blade rows generate more disturbance power
and provide less damping, while the rear blade rows generate less
disturbance power and provide more damping. The implication is
that compressors operating near the peak of their pressure rise
characteristic are likely to suffer greater stall margin loss due to
transient heat transfer as heat addition reduces the slope of the
characteristic, resulting in operation on the unstable, positively
sloped side.

In order to characterize the mechanism for the increased dis-
turbance power generation of the front stages, the compressor was
split into three blocks and three calculations were performed in
which heat transfer was isolated to one of the blocks. The total
heat transfer in each calculation was one-third of the total heat
transfer at s¼ 0.0, the maximum throughout the transient. The
heat transfer was evenly divided among the blade rows in the
block and the compressor exit corrected flow was held constant,
as required for compressor-turbine matching.

The axial Mach numbers for each of the heat transfer distribu-
tions are given in Figs. 10–12 to illustrate the effects of heat trans-
fer on stage matching. As the exit corrected flow remains fixed,
the Mach number reduces in the blade rows upstream of heat addi-
tion in order to pass the required physical mass flow. In other
words, the heat addition in a block back-pressures the upstream
blade rows. To some extent, the blocks are de-coupled as the
effects of the heat addition are felt by the blocks upstream, while
the downstream blocks largely unaffected by the heat addition.
The highly loaded front stages produce greater disturbance power

and the compressor stalls at a lower pressure ratio. Increases in
flow angle deviation exacerbate this effect by reducing the turn-
ing, and thus, the pressure rise of the stage. Reduced pressure rise
through the compressor requires a further decrease in mass flow,
and thus Mach number, to achieve the required exit corrected flow
for compressor-turbine matching.

The above study serves as a useful diagnostic to characterize
how the compressor responds to heat addition at different axial

Fig. 9 Median percent change in blade row disturbance power generation due to heat addi-
tion. Front stages produce greater disturbance power and destabilize the compressor.

Fig. 10 Axial Mach numbers with uniform heat addition in front
block. Heat addition increases front block loading.

Fig. 12 Axial Mach numbers with uniform heat addition in rear
block. Heat addition back-pressures all upstream blade rows.

Fig. 11 Axial Mach numbers with uniform heat addition in mid-
dle block. Effects of heat addition are contained to front and
middle blocks.
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locations. In reality, however, heat is added throughout the
machine and all the stages rematch accordingly. The axial Mach
numbers for the 78% speed stall point are given in Fig. 13. Heat
addition exacerbates the classic low speed matching problem
where the front stages operate near stall and the rear stages wind-
mill (see Ref. [16]). The changes in disturbance power generation
seen in Fig. 9 are mirrored in Fig. 13 with the front blade rows
operating at higher loading and producing more disturbance
power and the rear blade rows operating at lower loading and pro-
ducing less disturbance power. The mechanism of increased front
stage loading and stall implies that compressor designs with
highly loaded front stages may be more sensitive to heat transfer
and suffer greater transient stall margin loss.

Sensitivity Study

Transient heat transfer has been shown to produce up to eight
points of stall margin loss, with 42% attributed to deviation
effects. Estimates of heat transfer and deviation data, however,
often have significant uncertainties, especially in the early design
phase. It is therefore useful to characterize the sensitivities of stall
margin loss to heat transfer magnitude and the deviation correla-
tion. Several calculations were performed with modified values of
the deviation correlation sensitivity f in Eq. (2) and the heat trans-
fer magnitude. Specifically, f was multiplied by factors of 0.5 and
1.5 and the dimensional heat transfer rate _QðsÞ for each blade row
was multiplied by factors of 0.75 and 1.25. The stall margin
results for these calculations are given in Figs. 14 and 15.

Between 82.5% and 87.5% speed, the stall margin loss
increases nonlinearly from the nominal case, with an increase of
stall margin loss from 5.4 points to 13 points at 85% speed for

only a 25% or 50% increase in heat transfer rate and deviation,
respectively. The 85% speed line in Figs. 1 and 7 corresponds to
the “knee” of the stall line. This knee is the result of the effects of
compressibility as the tip and blade relative Mach numbers
increase. Heat addition increases blade relative Mach numbers (by
as much as 5%), promoting compressibility effects, and it is
hypothesized that this results in the strong sensitivity observed in
Figs. 14 and 15.

Below 82.5% speed, the stall margin loss is approximately lin-
ear with deviation and heat transfer rate. At these speeds, the
blade relative Mach numbers are in the low subsonic range and
compressibility is less significant. Furthermore, while the net heat
transfer rate to the main gas path was as much as 9.5% of the com-
pressor inlet stagnation enthalpy inflow rate (q�comp;net ¼ 0:095),
the maximum heat addition for any individual blade row was only
0.5% of the blade row inlet stagnation enthalpy inflow rate
(q*¼ 0.005). As values of q* grow, it is expected that the impact
on stall margin loss will become nonlinear at low speed as well.

A New Mean Line Capability Including Heat Transfer

Effects

Current transient heat transfer analysis of compressors in the
default NPSS cycle model is limited to a single mass, uniform
temperature representation of the compressor.6 The user provides
the total thermal mass and surface area, specific heat, and an esti-
mated average convective heat transfer coefficient for the entire
compressor. In a transient calculation, the solver calculates the
convective heat transfer from a weighted average of the compres-
sor inlet and outlet stagnation temperatures, adding the estimated
heat transfer to the flow at the compressor exit, and models the
change in metal temperature with a first-order lag equation. The
standard model does not change the compressor component char-
acteristics and the effects of stage rematching and deviation are
not modeled. In this case, the heat transfer simply acts to change
the compressor exit corrected flow (through the change in total
temperature), which in turn changes the overall matching with the
downstream components.

To assess the new capability provided by the nonadiabatic
mean line model, a calculation representative of the current capa-
bility was performed. The net compressor heat transfer at each
instant in time was added to the flow at the exit of stator 8 and all
remaining blade rows were adiabatic. The stage matching and
deviation throughout the compressor was unchanged from the adi-
abatic case, with only the exit corrected flow changing due to the
heat transfer. The heat addition at the compressor exit back pres-
sures the compressor and drove the transient operating to higher

Fig. 14 Sensitivity of stall margin to deviation correlation
parameter f. Nonlinear dependence at 85% speed attributed to
compressibility effects.

Fig. 15 Sensitivity of stall margin to heat transfer magnitude
with the same sensitivity observed at 85% speed

Fig. 13 Axial Mach numbers at the 78% speed stall point. Heat
addition increases loading of front stages.

6These limitations apply to the default “compressor” module that is provided with
the publicly available NPSS distribution.
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pressure ratios, but as the stage matching was unchanged and the
heat addition is small, at most 4% of that in the combustor, the
increase in the operating line pressure ratio was at most 1% for
the same corrected speed (as compared to 4% with the nonadia-
batic mean line model). More importantly, the stall line produced
with the current capability is unchanged from the adiabatic case.
As shown in Fig. 16, the current capability captures a stall margin
loss of only 1.2 points relative to the 8.0 points of the nonadiabatic
mean line model, emphasizing the importance of capturing the
effects of stage rematching and deviation.

Summary

A mean line model was extended to capture the effects of heat
transfer and used to evaluate the effect of heat transfer on stall
margin during the re-acceleration phase of a Bodie transient event.
A lumped capacitance model was developed to estimate represen-
tative heat transfer to the main gas path on a blade row by blade
row level. The maximum heat transfer was 9.5% of the compres-
sor inlet stagnation enthalpy inflow rate and occurred at the initial
point of re-acceleration in the Bodie transient. Heat transfer
resulted in a total stall margin loss of 8.0 points, largely due to the
reduction in stalling pressure ratio by as much as 11%. Of the 8.0
points, 4.6 points (58%) were due to stage rematching effects,
with the remaining 3.4 points due to the effects of heat transfer on
flow angle deviation. An analysis of the stage rematching revealed
that the heat transfer increases the loading in the front blade rows
and promoted front stage stall, suggesting that the effect of tran-
sient heat transfer may be greater for compressors with highly
loaded front stages. Furthermore, it was found that heat addition
reduced the slope of the speed lines, increased blade disturbance
power generation, and promoted modal-type stall inception. This
suggests that compressors operating near the peak of their pres-
sure rise characteristic are likely to suffer greater stall margin loss
due to transient heat transfer.

A sensitivity study analysis indicated the dependence of stall
margin loss on heat transfer magnitude and flow angle deviation is
highly nonlinear near the knee of the stall line, showing an
increase in stall margin loss from 5.4 points to 13 points with only
an increase in 25% and 50% of these quantities, respectively. This
nonlinearity is attributed to compressibility effects, as heat addi-
tion increases flow Mach numbers. At lower speeds, where the
effects of compressibility are less significant, the stall margin loss
is approximately linear, though it is thought the dependence
becomes nonlinear as the magnitude of q* grow.

Calculations representative of the current NPSS modeling
capability for transient heat transfer effects, which does not cap-
ture stage rematching or deviation effects, indicate that only 1.2
points of the total 8.0 points of stall margin loss is captured by

the current capability. This underscores the importance of cap-
turing stage rematching and deviation effects. Furthermore, the
low computational cost of the nonadiabatic mean line model
highlights the opportunities to address potential stability issues
due to transient heat transfer early in the compressor design
process.
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Nomenclature

a ¼ speed of sound
A ¼ area

ht,i ¼ blade row inlet stagnation enthalpy
ht,comp ¼ compressor inlet stagnation enthalpy
Lcomp ¼ compressor length

_m ¼ mass flow
Mrel,i ¼ blade row inlet rotating-frame Mach number

Nc ¼ corrected speed
p ¼ static pressure
pt ¼ stagnation pressure

Pblade ¼ blade row disturbance power
PR ¼ pressure ratio

_Q ¼ dimensional heat transfer rate
q* ¼ blade inlet normalized heat transfer rate, q� ¼ _Q

_mht;i

q�comp ¼ compressor inlet normalized heat transfer rate,
q�comp ¼

_Q
_mht;comp

q�comp;net ¼ net heat transfer rate, q�comp;net ¼
P

blades q�comp

t ¼ time
tacc ¼ rotor acceleration time constant, Nc � 1� e�

t
tacc

V ¼ flow velocity
Vx ¼ flow axial velocity
b ¼ reduced frequency, b ¼ Lcomp=Vx

tacc

c ¼ ratio of specific heats
d ¼ blade flow angle deviation
f ¼ deviation correlation parameter
q ¼ density
s ¼ nondimensional time, s ¼ t

tacc
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