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Abstract. Problem. Heat transfer processes from the working fluid to the cylinder walls in heat engines
play an important role. First, the thermal state of engine components, which determines operational
reliability, depends on the parameters of the working fluid and on the intensity of heat transfer.
Second, heat transfer from the working fluid represents a loss of thermal energy, which always
reduces the conversion of the working fluid energy into useful work. Therefore, during engine design
as well as during its improvement, reliable methods for calculating heat transfer from the working
fluid to the cylinder walls are required. Purpose. The aim of this study is to improve the method for
calculating heat transfer from the working fluid to the walls, taking into account the design features of
a pneumatic motor, and to determine the amount of heat loss that could otherwise be converted into
useful work. Methodology. It is proposed to study heat transfer separately in the pneumatic motor
cylinder and in the channel connecting the spool valve with the cylinder. This approach makes it
possible to account for significant heat losses in the channels and to confirm them using Joule’s law.
Results. Processing of experimental p-V diagrams of the pneumatic motor made it possible to obtain
the magnitude of heat losses in the channels connecting the spool valve with the cylinder and to
identify ways to reduce them. An evaluation of the relationships governing heat transfer in the
pneumatic motor cylinder was carried out. Originality. The proposed approach enables reliable
separate determination of the heat transferred from the working fluid in the pneumatic motor cylinder
and in its channels. Practical value. The obtained results make it possible to identify ways to improve
the pneumatic motor design. To reduce heat losses, the channel length should be minimized, and when
using a valve-type air distribution system, the channels should be eliminated altogether.

Keywords: convective heat transfer, heat transfer coefficient, pneumatic motor, heat losses,
compressed air, Joule’s law, thermal balance.

Introduction

The object of the study is convective heat
transfer from the working fluid (compressed
air) of an automotive pneumatic motor of the
KhNAHU design to the cylinder walls. A dis-
tinctive feature of this pneumatic motor design
is that the spool valve is installed in the V-
angle of the V-type configuration, and the
spool rotor is driven by a chain transmission.
The stationary part of the spool valve is
connected to the cylinders by fixed channels

(p, V, T, M). In the present study, experimental
p-V diagrams recorded at various operating
modes of the KhNAHU-designed pneumatic
motor were used [1].

Analysis of publications

When studying convective heat transfer from the
working fluid in engines cylinder, the author [2]
recommends using the Annand correlation in the
following form, W/(m*K)

(tubes). This design feature must be taken into m; - AH

. h=C..p%8. T8 .08 ,c . ¢ 1
account when determining the parameters of 1Pl 2 (@)
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where C; = 0,035; C, = 0,2; p — the working flu-

id pressure; Tq — the working fluid temperature;

m¢ — the mass of burned fuel; AH. — the lower
heating value of the fuel; A — the surface area of
the combustion chamber; Ty — the temperature
of the combustion chamber walls.

The vast majority of researchers recommend
the H. Woschni a-correlation for calculating
heat transfer from the working fluid to the cyl-
inder walls.

Thus, in [3] it is recommended to calculate
the heat transfer coefficient, W/(m*K)

a=128-D%%.(10- p)*® - T "% x

T (2)
X[C,-C, +C, 'W'Vh Ip- pm]o,s,

where D — the cylinder diameter, m; p — the
working fluid pressure, MPa; T — the working
fluid temperature, K; V — the cylinder vol-
ume, m*; Vi — the cylinder displacement (swept
volume), m®; Cn — the mean piston speed, m/s;
pm — the cylinder pressure during motoring mode
(engine cranking without fuel supply), MPa.
During the gas exchange process

C,-6,18+0,417-C; /C,,, (3)
during the compression and expansion strokes
C,-2,28+0,308-C; /C,,, (4)

where Cr — the tangential component of the
working fluid velocity in the cylinder’s clear-
ance volume above the piston, m/s.

The authors of [1], for calculating the work-
ing fluid parameters of a pneumatic motor using
the Newton—-Richmann law, propose the H.
Woschni formula to determine the surface-

averaged heat transfer coefficient, a;, W/(m*K)
a,=Cy-D*% - p?*-T 0% (C,-C,)*%,  (5)

where Co, Ci — proportionality coefficients
(Co = 100...128); Cy = 2,28 — during compres-
sion and expansion strokes; C: = 6,18 — during
intake and exhaust strokes; D — the cylinder
bore, m; p; — the working fluid pressure, MPa;
T; — the working fluid temperature, K.

The search for a high-efficiency automotive
powertrain has led to the development of a hy-
brid pneumatic motor [4].

When studying convective heat transfer in
the hybrid pneumatic engine, the authors also
recommend using the H. Woschni formula in the
following form.

h=C-d m-1 pm . Wm .-I-O,75—1,62~m, (6)

where h — the heat transfer coefficient,
W/(m*K); C - the empirical coefficient, deter-
mined experimentally; d- the cylinder
diameter, m; p — the working fluid pressure,
MPa; V — the cylinder volume, m?; T — the work-
ing fluid temperature, K;

_ V., -T
w=C,-V +C, - vg (p-p,), )
g g

where w — the cylinder gas velocity; C; — the
tunable coefficient; C;— the Woschni coefficient;
Vq — the displaced volume; p — the instantaneous
cylinder pressure; pm — the motored cylinder
pressure at same Crank Angle as p; pg, Vg,
Ty — respectively the pressure, volume and tem-
perature at a reference point (i.e., intake valve
closing).

The calculation of the heat transferred to the
cylinder walls according to the Newton-
Richmann law was verified by the amount of
heat going into the cylinder walls according to
the first law of thermodynamics for an open sys-
tem (Joule’s law)

dU =8W +6Q +dH, (8)

where dU = Mi - C, - ATi— change in the internal
energy of the working fluid, J; W = p;i - 10°
Vi — the infinitesimal work done, J; dQ - the in-
finitesimal heat transfer, J; dH = AMi - Cp - Tmean
— change in enthalpy, J.

For simplification of calculations, the authors
recommend a correlation for calculating the
heat, derived from the following relationship (9)

Q1

X
da vy-1
av d dm,
[y p-E+V 'E]_Cp T at

where y — the adiabatic index.
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The object of study in [5] is hybrid pneumat-
ic engines with regenerative braking and com-
pressed-air starting.

For modeling the urban driving cycle, calcu-
lations of the workflow process were performed.
The cylinder pressure of the engine was deter-
mined using the following formula

dp k-1 -k o dv dQ,
do V k-1 " do do

+hi .ﬂ_he dﬂ ,
do do

(10)

where p — cylinder pressure, MPa; V — the cylin-
der volume, m*; Q. — the heat transferred to the
cylinder walls, J; m;, h; — the mass and enthalpy
of the gas entering the cylinder, kg,
J; me, he — the mass and enthalpy of the gas leav-
ing the cylinder, kg, J; k — the adiabatic index.

For calculating the heat transfer to the cylin-
der walls according to the Newton-Richmann
law, the heat transfer coefficient was determined
using the H. Waoschni correlation

h =0,1129. p®®.g%%.D%2.T %% (11)

where u - the effective gas velocity (in this
study, taken as the mean piston speed Cr), m/s;
D — the cylinder bore, m; T — the gas tempera-
ture, K.

The authors [6], when modeling the thermal
state of a cylinder with a finned outer surface of
a pneumatic motor, arbitrarily assigned an aver-
age heat transfer coefficient of 25 W/(m?-K),
claiming that the amount of heat transferred to
the cylinder walls is very small.

Based on the conducted literature analysis, the
aim and objectives of the study can be formulated.

Purpose and Objectives of the Study

The purpose of the study is to improve the cal-
culation method by taking into account the heat
transfer in the channels connecting the spool
valve with the cylinder of a pneumatic motor,
and based on this improvement, to perform cal-
culations of heat transfer from the compressed
air to the cylinder walls.

Research objectives:

1) Based on experimental p-V diagrams, de-
termine the parameters of the working fluid in
the pneumatic motor under different operating
modes (pi, Vi, Mi, Ti);

2) Investigate heat transfer from the com-
pressed air in the channels connecting the
pneumatic motor’s spool valve to the cylinder;

3) Conduct a computational study of heat
transfer from the compressed air to the cylinder
walls of the pneumatic motor using the correla-
tions of V. Annand and H. Woschni;

4) Analyze the results of the computational
heat transfer study based on Joule’s law

Investigation of flow and heat transfer
processes of the working fluid in the channels

A distinctive feature of the KhNAHU pneumatic
motor design is that the spool valve (6) is con-
nected to the cylinder (2) via a channel (4)
(Fig. 1).

Considering the location of the sensor (3) for
measuring the cylinder pressure, it became nec-
essary to investigate the air flow processes in the
channels.

Fig. 1. Diagram of the connection between the
pneumatic motor cylinder and the spool
valve mechanism: 1 — piston; 2 — cylinder;
3 — location for installing the pressure sen-
sor; 4 — channel connecting the cylinder to
the spool valve mechanism; 5 — spool valve
intake/exhaust port; 6 — spool valve mech-
anism.

For forced air flow in the channel, the Reyn-
olds number is

Re=W -.d /v, (12)

where W — the mean air velocity, m/s; d — the
channel diameter, m; v — the kinematic viscosity
of air, m?/s.

For turbulent flow in a smooth channel, the
following formula can be used [7]
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Nu =0,022-Re"®.Pro®. g, (13)

where Nu = (ac - d/ 1) — the Nusselt number;
ac — the heat transfer coefficient, W/(m*K);
A — the thermal conductivity of the air boundary
layer W/(m'K); Pr = v/a — the Prandtl number
(Pr = 0,703); a — thermal diffusivity of air, m?/s;
& — the coefficient accounting for the variation
of heat transfer along the channel length (I/d =
40, g = 1,02).

By calculating the Nusselt number using
formula (14), the heat transfer coefficient in the
channel can be determined

a, =Nu-1/d, (14)

Knowing the heat transfer coefficient in the
channel, the temperature drop along its length
can be determined [7, 8]

T, —To =(Tin =T, ) -exp(—Bx), (15)

where Th — the fluid temperature at a certain dis-
tance from the channel inlet, K; Ts — the constant
wall temperature of the channel, K; Ti, —the fluid
temperature at the channel inlet, K; x — the coordi-
nate along the channel from the inlet, m;
B =h-P/m-Cp; h-the heat transfer coefficient
between the wall and the fluid, W/(m?*K);
P — the perimeter of the channel in contact with
the fluid, m; m — the mass flow rate of the work-
ing fluid, kg/s; C, — the specific heat at constant
pressure, J/(kg-K).

To determine the pressure loss along the
length of the channel under turbulent flow, Dar-
cy’s law can be used [7]. According to this law,
the pressure drop along the channel length is
given by

| p-W?2
Ap=¢.— ——, 16
P=81" (16)

where & — the hydraulic friction factor; p — the air
density, kg/m®.

To determine & in equation (16), the follow-
ing correlation is used [7]

£=0,184-Re %%, (17)

Air pressure at the cylinder inlet

Pin = Ps —APp. (18)

At the maximum air velocity W = 309,33 m/s,
the Reynolds number is Re = 412 450,2, and the
heat transfer coefficient is ac = 775,8 W/(m?-K).
Considering the large surface area of the channel,
heat losses reach 201...236 J at a mode of
n =206 min'.

Determination of working fluid parameters in
the pneumatic motor cylinder

The p-V diagrams were processed presented in
Table 1 [1].

Table 1. Operating modes of the pneumatic motor

® Rotational Intake pres- Exhaust
B speed sure pressure
= n, min ps, MPa pr, MPa
Al 206 0.7 0.1
A2 206 0.9 0.1
A3 1009 0.7 0.12
Ad 1009 0.9 0.12

To determine the workflow process parame-
ters, the formula for calculating the change in
working fluid pressure in the cylinder during the

pneumatic motor’s operating cycle was
used [1], Pa
Api:m.[i.[Amsi.T_s_AM“jJr
Vi Pi T;
1 (19)
T -A—Q‘—Avi},
ks pi

where pi, Vi, M;, Ti — pressure, volume, density,
and temperature of the working fluid in the cyl-
inder at the beginning of the calculation step,
Pa, m3, kg/m3, K; ks — the adiabatic index for the
filling and expansion processes of the working
fluid — wet air with 100% relative humidity;
AMs; — the mass of working fluid entering to the
cylinder during the calculation step, Kg;
AM;i— the mass of working fluid leaving the cyl-
inder and entering to the exhaust channel during
the calculation step, kg; pi — the density of the
working fluid at the control section of the spool
valve system during filling and compression or
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exhaust and compression, kg/m3; AQ; — the heat
added to or removed from the working fluid dur-
ing the calculation step, J; AVi — the change in
the cylinder clearance volume during the calcu-
lation step, ms3.
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Fig. 2. Working fluid pressure in the pneumatic
motor cylinder for operating modes
Al, A2, A3, and A4
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Fig. 3. Mass of the working fluid in the pneu-
matic motor cylinder for operating modes
Al, A2, A3, and A4
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Fig. 4. Temperature of the working fluid in the
pneumatic motor cylinder for operating
modes Al, A2, A3, and A4

Figures 2, 3, and 4 show the curves of the
pneumatic motor working fluid parameters as a
function of crankshaft rotation angle
(A@ = 1° CA). These curves served as the basis
for calculating heat transfer from the working
fluid in the channel and the cylinder of the
pneumatic motor.

Calculation of heat transfer in the pneumatic
motor cylinder

The amount of heat transferred to the cylinder walls
during the operation of the pneumatic motor was
calculated using the Newton-Richmann formula,
with the convective heat transfer coefficient deter-
mined based on the a-correlations of V. Annand
and H. Woschni (per 1° of crankshaft rotation):

— V. Annand a-correlation for the convective
component of heat transfer coefficient [7, 8]

0,7~0,7
P Cu
(XA:O,ZG'}\.'W, (20)

where A = 0,000361 - Tmean™" — the thermal con-
ductivity of the gas boundary layer at the aver-
age temperature Tmean = (Tg + Tmean)/2, W/(m-K);
p = 3,49 - 10? . py/T, - the density of the work-
ing fluid, kg/m3; 1 = 0,56 - 10° - Tpean®* — the
dynamic viscosity of the working fluid at tem-
perature Tmean, Pa-s; Cm — the mean piston
speed, m/s; D — the cylinder diameter, m;

— H. Woschni a-correlation according to
formula (11)

aW — 011129 . D—0,2 . piO,B 'T-_0’594 X CI?’],B, (21)

where D — the cylinder diameter, m; pi — the
working fluid pressure in the cylinder, bar.

The results of the heat transfer calculation
over the entire cycle in the pneumatic motor cyl-
inder using the o-correlations are presented in
Table 2.

Table 2. Heat transferred during one operating cycle

Mode
Total heat Qs accord-
ing to the a-correlation: AL | A2 |JA3 [ Ad
V. Annand 344 | 451 | 191 | 218
H. Woschni 717 | 968 | 455 | 4.24

Total Heat Losses in the Pneumatic Motor

The results of the heat transfer calculations in the
channel and cylinder are shown in Fig. 5. It can
be seen that the total amount of heat in the chan-
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nel and cylinder of the pneumatic motor differs
from the heat calculated using Joule’s law for one
operating cycle of the pneumatic motor.

-350

-300

-250

200 @I+

150 HC M H

Amount of heat, J

-100 g N

Al A2 A3 A4
BJoule OCanal MAnnand OWoschni

Fig. 5. Heat losses of the pneumatic motor at
different operating modes

Processing of the p-V diagrams made it pos-
sible to determine the cyclic air consumption G,
and the indicated work per cycle L; at different
operating modes. The calculation results are pre-
sented in Table 3. Additionally, Table 3 shows:
AQ — amount of heat according to Joule’s law;
la — adiabatic work performed by the com-
pressed working fluid used for air expansion;
l.¢® — available adiabatic expansion work.

Table 3. Calculation Results
Mode Al A2 A3 Ad

60,) | 21532 | 34546 | 44.96 | 58.98
G, kg | 0-00257 | 0.00321 | 0.00177 | 0.00205
laJ | 12552 | 137.22 | 12552 | 137.22
Lo ) | 323.28 | 440.60 | 222.26 | 281.45
L) | 10232 | 13183 | 43.11 | 50.46

m% | 316 29.9 19.3 17.9
Qu% | 66.6 78.4 20.2 20.9

From Table 3, it can be seen that the indicat-
ed efficiency ;i decreases with increasing crank-
shaft rotational speed.

Heat losses to the pneumatic motor walls Quw
reach up to 78% of the adiabatic work; there-
fore, to reduce these losses, it is advisable to
shorten the channel lengths and, ideally, switch
to a valve-type air distribution system.

Conclusions

The results of the computational study of heat
transfer from the working fluid to the cylinder

walls of a pneumatic motor with a long channel
from the spool valve to the cylinder allow the
following conclusions:

1. Based on experimental p-V diagrams, the
workflow process parameters of the pneumatic
motor were determined for different operating
modes.

2. For the study of heat transfer from the work-
ing fluid, heat transfer was considered separately
in the channel and directly in the cylinder.

3. The total amount of heat transferred from
the working fluid was verified using the thermal
balance according to Joule’s law. The error
ranged from 3% to 34%.

4. The amount of heat transferred in the chan-
nel accounts for 87-96% of the total heat losses.

5. To reduce heat losses from the working fluid
to the cylinder walls, it is advisable to shorten the
channels connecting the spool valve and the cylin-
ders (ideally, eliminate the channels entirely).

6. The most promising solution is to switch
to a valve-type air distribution system.
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TemnoBinnaua Bif podo4oro Tina y
NMHEBMO/JBHUIYHI i3 30JI0THHKOBHM MeEXaHi3MOM
po3noaity noBiTps

Anomayia. Ilpoonema. Ilpoyecu mennogiooaui 6io
pobouoeo mina 00 CMIHOK YUMIHOPA Y MEenio8Uux
osucynie  eparomov  eadxciusy poav. Ilo-nepuwe,
memnepamypHuii.  cman  0emainell  O8USYHA, WO
BUBHAYAE 11020 HAOIHICMb POOOMU, 3ANeHCUMb GI0
napamempie pob6ouo2o mina i 6i0 IHMEHCUBHOCHI
mennogiooaui.  Ilo-Opyee,  mennogiooaua  6i0
pobouoeo mina ye empama MmMeniomu, Kd 3064cou
3MEHULYE NepemeopenHst eHepeii pobouoeo mina 6
KopucHy pobomy. Tomy ni0 uac npoexmyeamsi
08USYHA, a4 MAKOX}C, N0 4AC U020 800CKOHAICHHS,
HeoOXiOHi HAOIUHI ~ MemoOuKu  PO3PAXYHKY
mennogiooaui 80 pobouoco mina 00 CMIHOK
yuninopa. Mema. Memorw  OdocniddcenHs €
B800CKOHANEHHS. MEMOOUKU PO3PAXYHKY Meniosiooati

BUBHAYEHHS KIIbKOCMI BMPAYeHOl Meniomu, sKy
MOdicHa 6yno 6 nepemeopumu 8 KOPUCHY poOOmy.
Memoodonozia. 3anpononosano oxpemo 0ocaioumu
mennogiooauy 6 YUmHOPL NHeGMOOBUSYHA | KAHAL,
wo 3’€OHye 3010mHUK i3 yuninopom. Lle doszeonuno
8DAXYSAMU GENUKY 6Mpamy Menjomu 6 KAHANAX i
niomeepoumu ye 3a O0ONOMO20K 3aKOHY [[icoyist.
Pezynomamu. Obpobaeni eKCNnepUMeHMAbHI
iHOUKamopHi  diazpamu NHeBMOOBUSYHA OO0380MUNU
ooepoicamu GeIUYUHY 6Mpam Meniomu 6 KAHALAX,
Wo 3’€OHYIOMb 30JIOMHUK [3 YUTTHOPOM I SUHAYUMU
wasx 0o ix 3meHwenns. Ilposedena oyinka
3anedcHOCmel, WO BU3HAYAIOMb  Men08iodaiy 6
Yuninopi NHEBMOOBUSYHA. Opuczinanvnicme.
3anpononoganuii  nioxio  003601U8  HAOIUHO
BUBHAYUMU OKPEeMO MeNniomy, wo 6I00aemvcs 6i0
Ppobou02o mina 6 YuriHOpi NHeeMOOBUSYHA T 8 11020
enycknux  kananax.  Ilpakmuune  3HAueHHA.
Ompumani  pesyriomamu  OOCHOMNCEHHsT — O0anu
MOJNCTUBICTNG — BUBHAUUMYU  WLIAXU  YOOCKOHANIEHHS
KOHCMpYKYii  nHeemMoO8ueyHa. J{isi — 3MeHueHHs.
empam menjiomu HeoOXIOHO 3MeHULY8amu 008XCUHY
KaHauie, a npu 3acmocy8anti KI1anaHHo2o po3nooiny
NOGImMpsi 308CiM 8IOMOGUMUCS GLO HUX.

Knwuosi cnosa: roneexmuena  mennogiodaua,
Koegiyicnm mennogiooaui, NHeeMOO8USYH, SMPaAmu
meniomu, CmucHene nogimps, 3axkou [icoyns,
menniosutl 6ananc
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