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The study of heat transfer from combustion products (CP) to the impeller and the casing of gas turbines of liquid 

rocket engines (LRE) is an urgent task. 
The solution of the flow problem, taking into account heat transfer, in rotational flows, in the flowing parts of the 

turbopump units (TPU) of the rocket engine, is carried out by the following methods: numerical methods; analytical 
approach, when solving the equations of dynamic and temperature boundary layers; as well as using empirical depend-
encies. The temperature parameter of the gaseous combustion products and, as a consequence, the heat exchange be-
tween the combustion products and the structural elements of the flow part, significantly affects the working and energy 
characteristics of the TPU LRE. 

When designing gas turbines of LRE, it is necessary to take into account the presence of heat exchange  
processes, the working fluid temperature distribution and the structural element temperatures in the cavities of the TPU 
LRE (since energy losses and viscosity depend on the temperatures of the working fluid, and also determine the 
flow parameters). The temperature distribution in the structural elements determines the performance and reliability  
of the unit. 

In the case of the use of cryogenic fuel components in the TPU LRE units the heating of the component leads to the 
implementation of cavitation modes and a drop in operating and energy characteristics. On the other hand, a lowered 
temperature of the working fluid leads to an increased viscosity of the components and, as a consequence, a decrease in 
the efficiency of the unit (especially when using gel-like components). 

When studying heat transfer in the field of centrifugal forces for elements of rocket engine gas turbines it is neces-
sary to obtain a joint solution of the equations of dynamic and temperature boundary layers in the boundary conditions 
of the flow parts. 

This article offers a model of the distribution of dynamic and temperature boundary layers taking into account the 
convective component (for the case of a gaseous working fluid, i. e. Pr < 1), which is necessary for the analytical solu-
tion and determination of the heat transfer coefficient in the boundary conditions of the flow cavities of the LRE turbine. 
The energy equation has been analytically obtained for the boundary conditions of the temperature boundary layer, 
which allows integration over the surface of any shape, which is necessary in determining the thickness of the energy 
loss. Taking into account the integral relation, the heat transfer law of the turbulent boundary layer for the rotation 
cavities is written. The equations for determining the heat transfer coefficient in the form of the Stanton criterion for 
rectilinear uniform and rotational flows for cases of turbulent flow regimes were obtained analytically. The obtained 
equations for heat transfer coefficients are in good agreement with experimental data and dependences of other au-
thors. 
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Исследование теплоотдачи от продуктов сгорания (ПС) к рабочему колесу и корпусу газовых турбин жид-

костных ракетных двигателей (ЖРД) является актуальной задачей. 
Решение задачи течения с учетом теплообмена при вращательных течениях в проточных частях турбона-

сосных агрегатов (ТНА) ЖРД осуществляется следующими способами: численными методами, аналитическим 
подходом при решении уравнений динамического и температурного пограничных слоев, а также с использова-
нием эмпирических зависимостей. Параметр температуры газообразных ПС и, как следствие, теплообмен 
между ПС и конструктивными элементами проточной части значительно влияет на рабочие и энергетиче-
ские характеристики ТНА ЖРД. 

При проектировании газовых турбин ЖРД необходимо учитывать наличие теплообменных процессов, рас-
пределение температур рабочего тела и температур конструктивных элементов в полостях ТНА ЖРД (так 
как энергетические потери и вязкость зависят от температур рабочего тела, а также определяют пара-
метры течения). Распределение температур в конструктивных элементах определяют работоспособность  
и надежность агрегата. 

В случае применения криогенных компонентов топлива в агрегатах подачи ТНА ЖРД, подогрев компонента 
приводит к реализации кавитационных режимов и падению рабочих и энергетических характеристик. С дру-
гой стороны, пониженная температура рабочего тела приводит к повышенной вязкости компонентов и сни-
жению КПД агрегата (особенно при использовании гелеобразных компонентов). 

При исследовании теплоотдачи в поле центробежных сил для элементов газовых турбин ЖРД необходимо 
получить совместное решение уравнений динамического и температурного пограничных слоев в граничных 
условиях проточных частей. 

Предложена модель распределения динамического и температурного пограничных слоев с учетом конвек-
тивной составляющей (для случая газообразного рабочего тела, т. е. Pr < 1), необходимая для аналитического 
решения и определения коэффициента теплоотдачи в граничных условиях проточных полостей турбины ЖРД. 
Аналитически получено уравнение энергии для граничных условий температурного пограничного слоя, позво-
ляющего вести интегрирование по поверхности любой формы, необходимое при определении толщин потери 
энергии. С учетом интегрального соотношения записан закон теплообмена турбулентного пограничного слоя 
для полостей вращения. Аналитическим путем получены уравнения для определения коэффициента теплоот-
дачи в виде критерия Стантона для прямолинейного равномерного и вращательных течений для случаев тур-
булентных режимов течения. Полученные аналитические уравнения для коэффициентов теплоотдачи хорошо 
согласуются с экспериментальными данными и зависимостями других авторов. 

 
Ключевые слова: коэффициент теплоотдачи, температурный пограничный слой, турбонасосный агрегат, 

энергетические параметры, турбина. 
 
Introduction. Considering the features of heat trans-

fer in the flowing parts of turbopump units (TPU) of liq-
uid rocket engines (LRE) is an urgent task. Currently, 
taking into account the features of the flow with heat 
transfer during the implementation of the potential and 
vortex rotational flow in the flow parts is mainly carried 
out by the following methods: using empirical equations, 
numerical and analytical methods for solving differential 
equations in partial derivatives [1]. 

The first method does not always provide the required 
accuracy in calculating the hydrodynamic and thermal 
characteristics of rotational flows taking heat transfer into 
account and requires additional specifying experimental 
studies. As a rule, this entails quite a bit more time and 
material costs for setting up and conducting research. 

Numerical methods are quite difficult to use when car-
rying out engineering calculations and require their im-
plementation in specialized software. Numerical research 

methods use direct numerical simulation (DNS method) 
and the averaged Navier-Stokes and Reynolds equations 
(RANS method). The choice of method depends on the 
complexity of the problem and the accuracy of the results. 
The RANS method is often used with the k-ε and k-ω 
turbulence models [2–7]. The issues of heat transfer dur-
ing the flow around a curved surface with a longitudinal 
curvature of the working fluid gaseous flow were also 
considered in [8–10], where cases of flow around turbine 
blades were investigated. In [11], convective heat transfer 
in a channel with periodic protrusions was studied on the 
basis of multiblock computational technologies based  
on the solution of the Reynolds equations closed by the 
Mentor model of shear stress transfer using the factorized 
finite-volume method and the energy equation on multis-
cale intersecting structured grids. 

The analytical method allows obtaining analytical  
dependences applicable for engineering calculations in a 
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wide range of possible variations of design and opera-
tional parameters. Analytical methods, as a rule, were 
developed for a rectilinear uniform flow, and have a num-
ber of limitations. One of the earliest studies is the work 
of E. L. Knuth [12], in which the analysis is based on an 
extended Reynolds analogy with the transfer of heat, 
mass, and momentum in a developed turbulent flow  
in a pipe. The use of the velocity and temperature distri-
bution profiles in the boundary layer was proposed by  
W. D. Rannie [13] and modified by D.L. Turcotte [14]. 
Turcotte sublayer analysis took into account the effect  
of heat transfer on turbulence. The analytical methods  
for determining the heat transfer coefficients proposed in 
[15; 16] take into account convective heat transfer in LRE 
chambers and are performed for a rectilinear turbulent 
flow. A one-dimensional analytical model for subcritical 
conditions was also proposed by S.R. Shine [17]. 

Design features of liquid rocket engine turbopump 
units (LRE TPU) turbines and the object of the study. 
During design, the diameter of the LRE TPU turbine is 
selected taking into account the layout and ensuring the 
minimum dimensions and is limited by the strength of the 
turbine rotor. From the analysis of adiabatic work it is 
known that with a selected working fluid the greatest 
value of adiabatic work is achieved at high temperatures 
and large pressure ratios. 

The use of high temperatures is limited by the struc-
ture operability. LRE use uncooled turbines. Due to the 
design features and materials used the working fluid tem-
perature in front of an uncooled turbine is limited, as a 
rule, for a reducing gas of 1000–1200 0С, for an oxidizing 
gas of 700–900 0С. The higher the temperature in front of 
the turbine can be assumed, the less pressure should be in 
front of the turbine. Due to the design features, LRE tur-
bines are single-stage and rarely two-stage. 

High temperatures of the working fluid lead to tem-
perature deformations, including turbine disks [18]. When 
designing the flowing parts of the units and assemblies of 
the LRE TPU, it is necessary to take into account the 
change in the working fluid flow temperature along the 
length of the working channel, since the viscosity parame-
ter is a function of temperature and determines the flow 
regime and, as a result, losses, in particular, disk friction 
and hydrodynamic losses in the flowing part. 

The optimal level of the turbopump units (TPU) en-
ergy parameters stability is ensured in the course of de-
velopment work by adjusting the geometric dimensions of 
parts and assembly the gas-dynamic path units, choosing 
technological schemes for dimensional processing, as-
sembly and turbine testing with the involvement of static 
material significant amount. In this regard, the LRE TPU 
energy parameters’ modelling represents an urgent scien-
tific and technical problem. The parameter optimization 
of the workflow and the mathematical model of the pro-
pulsion system (PS) are considered by V.A. Grigoryev 
[19], where the analysis of models was carried out and the 
advantages and disadvantages for various design stages 
were revealed. 

The requirements for the TPU design are formed on 
the basis of the tasks performed by the propulsion system 
(PS) into which the TPU is integrated as a single unit. 
And the requirements for the TPU design are formed on 

the basis of the tasks performed by the propulsion system 
(PS), into which the TPU is an integral part with which it 
is assembled as a single unit. Requirements for PS fully 
apply to the TPU: to ensure at all engine operating modes 
the supply of fuel components with the required flow rate 
and pressure with a high degree of reliability and effi-
ciency; provide minimum dimensions and weight; sim-
plicity of design and minimal cost. 

The main object of study where the potential and vor-
tex rotational flow occurs is the structural elements of the 
flowing parts of gas turbines of the rocket engine: inlet 
and outlet device, the cavity between the stator and the 
impeller [20]. 

The research problem. In the generalized problem 
formulation of fluid flow during heat exchange with the 
surface of aggregates, such as compressors, expanders, 
pumps of cryogenic components, etc., it is necessary to 
take into account the change in flow temperature along 
the length of the working channel, since viscosity, as a 
function of temperature, mainly determines the flow re-
gime and, as a result, hydraulic losses [21]. 

For the case of incompressible fluid flow, it is neces-
sary and sufficient to jointly solve the equations of motion 
and energy in the boundary conditions of the spatial 
boundary layer [22]; for a compressible fluid, the system 
must be supplemented with the equation of state. 

The processes of heat transfer in power stations are 
largely similar, but there are certain differences in the 
analysis and derivation of heat transfer equations for the 
boundary conditions of the liquid propellant rocket en-
gine. The main differences are as follows: extremely high 
values of heat fluxes, temperatures and pressures, the 
presence of high flow velocities, the initial turbulent state 
of flows in the core, working fluids can be in a gaseous 
and liquid state, surface curvature effects, the presence of 
density and compressibility gradients, non-stationarity 
heat fluxes and the presence of flow instability in the ac-
tive zone of heat transfer [23]. 

The heat transfer law of a turbulent flow of a spa-
tial boundary layer temperature. The integral relation 
of the energy equation. For Prandtl numbers less than 
unity (Pr < 1 is characteristic of gaseous working fluids, 
including combustion products), the thickness of the dy-
namic boundary layer is below the thickness of the tem-
perature boundary layer, i. e., δ < δt (fig. 1). At very low 
Prandtl numbers (liquid metals), molecular thermal con-
ductivity is the main mechanism of heat transfer and can-
not be neglected even in a turbulent flow core. At low 
Prandtl numbers, thermal resistance is distributed over the 
entire flow section [24]. 

If we assume that at the boundary of the dynamic 
boundary layer, the temperature changes due to the trans-
fer of velocity, and beyond its boundary – only due to 
molecular thermal conductivity. This assumption is in 
good agreement with Case's conclusions, since at very 
low Prandtl numbers the thickness of the dynamic bound-
ary layer is much less than the thickness of the tempera-
ture boundary layer. Accordingly, thermal resistance is 
present throughout the thickness of the temperature 
boundary layer. Within the boundaries of the dynamic 
boundary layer, thermal resistance is due to turbulent heat 
transfer and outside the boundaries of the dynamic 
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boundary layer thermal resistance is due to molecular 
thermal conductivity. 

 

 
 

Fig. 1. Temperature distribution model  
and dynamic boundary layers at Pr < 1 

 
Рис. 1. Модель распределения температурного  
и динамического пограничных слоев при Pr < 1 

 
The equation of the thickness of the energy loss of the 

temperature boundary layer could be considered as [25]: 

** 0

00

1
t

t
T Tu

dy
U T T






 
    

 .                     (1) 

The integration boundaries of the thickness of the en-
ergy loss (1) must be divided into two characteristic sec-
tions. The first integration section lies at the boundary of 
the thickness of the dynamic boundary layer δ, the second 
integration section lies at the boundary of the end of the 
thickness of the dynamic boundary layer δ to the end of 
the temperature boundary layer δt. 

The thickness of the energy loss equation (1) for the 
distribution of the temperature model and dynamic 
boundary layers under consideration, with the accepted 
model of splitting into two characteristic integration sec-
tions, can be written as: 

** 0 0

0 00

1 1
t

t
T T T Tu u

dy dy
U T T U T T




 

    
           

  .        (2) 

Using equation (2), it becomes possible to determine 
the form of the heat transfer law for the case Pr < 1. For 
further use, equation (2) needs to be integrated taking into 
account the accepted laws of distribution of the velocity 
profile in the boundary layer. Next, we first consider the 
power-law profile, then the gradient profile. 

The distribution of the dynamic boundary layer is ap-
proximated by a power function of the form 

1

mu y

U
    

. 

The distribution of the temperature boundary layer is 
approximated by a function of the form 

1

0

0

m

t

T T y

T T

 
    

. 

Given the accepted model of the distribution of dy-
namic and temperature boundary layers and the distribu-
tion function of the parameters of the dynamic and tem-
perature layers, we write the equation for the thickness of 
the energy loss: 

11
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1
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t
t

y y
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



 
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 
 . 
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1 .
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t

y y
dy





 
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 
                     (3) 

If we take into account that in the first term of equa-
tion (3), the distribution profiles of the dynamic and tem-
perature boundary layers coincide. Then, within the 
boundaries of integration of the first term of equation (3), 
the thicknesses of the temperature and dynamic boundary 
layers coincide, i. e. δt = δ. Considering the second term 
of equation (3), we note that there is no change in the  
dynamic boundary layer along the Y axis at the integra-
tion boundaries and the flow velocity is equal to the flow 
velocity in the flow core. Then the distribution of the dy-
namic boundary layer in the second term of equation (3) 
can be written as 

1

1
mu y

U
    

. 

Also, in the second term of equation (3.3), a change in 
the diagram of the temperature boundary layer occurs 
only due to molecular thermal conductivity. It should be 
noted that for this section of the profile diagram is as fol-
lows: 

t t

T T y

T T


 


 

 
. 

Taking into account the condition of conjugation of 
the temperature and dynamic profiles for the physical 
model of thermal conductivity at Pr < 1 (fig. 2) with the 
convective component, we write: 

0

0

1 1
T T y

T T

        
. 

In this case, the equation for the thickness of the en-
ergy loss, taking into account the accepted two-layer 
model of the distribution of the temperature boundary 
layer with the presence of heat transfer under the condi-
tion Pr < 1, can be rewritten as: 

1 1
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         (4) 

Let us replace the variables in the equation of the 
thickness of the energy loss of the temperature boundary 
layer (4): 
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Consider the first term of the equation: 
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Fig. 2. The pairing of temperature and dynamic profiles  
for the physical model at Pr < 1: 

 – dynamic boundary layer with a power-law velocity  
distribution;  – temperature boundary layer 

 
Рис. 2. Сопряжение температурного и динамического 

профилей для физической модели при Pr < 1: 
 – динамический пограничный слой со степенным  
распределением скорости;  – температурный  

пограничный слой 
 
We define the second term of the equation to deter-

mine the thickness of the energy loss of the temperature 
boundary layer: 

 
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Then the equation for the thickness of the energy loss 
(4) taking into account (5) and (6) can be written as 
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Taking into account that 

t
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after transformations we get 
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or 
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               (9) 

For the heat transfer law in the form of the Stanton 
criterion, it is necessary to determine the derivative of the 
temperature boundary layer on the wall of the heat trans-
fer surface. Since the derivative does not exist formally 
for m < 1, we determine it from the accepted two-layer 
model of turbulence with a laminar sublayer. Given that 
in the laminar sublayer, the profiles of the dynamic and 
temperature boundary layers coincide, based on the ac-
cepted model 
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,             (10) 

we express the thickness of the dynamic boundary layer 
from (9): 
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Then the temperature boundary layer thickness is de-
fined as 
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Using the equation for the thickness of the energy loss 
(12) and performing the transformations for the derivative 
on the wall of the heat exchange surface of the tempera-
ture boundary layer distribution profile (10), and also tak-
ing into account the heat transfer law, we obtain 
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Considering the distribution profile turbulization de-
gree of the thermal and dynamic boundary layers  
at 7m  , we write 
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                  (15) 

For the practical implementation of the heat transfer 
law, it is necessary to determine the value of л . It is 

found from the condition that the laminar sublayer closes 
with the turbulent profile [25] at лy    and profile de-

gree at 7: 
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Now we finally get the equation for determining the 
laminar sublayer coefficient of the turbulent temperature 
boundary layer distribution profile for the admitted 
model: 

1

18
л 12,5496Pr  . 

 

We write the integral relation of the energy equation 
of the boundary layers taking into account the heat trans-
fer law (14): 
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Assuming relative characteristic thickness 
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we write 
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We consider a rectilinear uniform flow under the fol-

lowing boundary conditions: 0





, 1H H   , 

0
H H  
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 

 [26]. 

Then the integral relation of the energy equation for 
the rectilinear uniform flow (18) is transformed to the 
equation 
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For a rotational flow realized in the cavities of energy 
and power-generating units, the stream line is an annular 
line. Let us write the integral relation of the energy equa-
tion (18) in cylindrical coordinates, taking into account 
that for an axisymmetric flow at ε = const the relations are 
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H HR

R H R H
R

 
 

 
         

  
 

0




 [27; 28]: 
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The integral relation of the energy equation (20) is 
necessary for recording and determining the energy loss 
thickness of the temperature spatial boundary layer, which 
is included in the equation for determining the local heat 
transfer coefficient in the Stanton criterion form. 
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Local heat transfer under various laws of the ex-
ternal flow. For a rectilinear uniform flow, we neglect the 
dissipative term and obtain the integral relation of the 
energy equation (19) in the following form: 
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Next, we separate the variables and integrate from 
zero to the current value of the variables: 
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Taking into account the heat transfer law equation 
(14) and the resulting equation for the thickness of the 
energy loss (23), we write: 
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(24) 

After transformations and considering equations for 

the Prandtl criteria Pr pC 
  

 and Reynolds 

Re ,
U  

  
 we obtain an equation for determining the 

local heat transfer coefficient in the form of the Stanton 
criterion of a rectilinear uniform flow with a power-law 
distribution profile of the velocity and temperature dia-
grams at Pr < 1: 
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Then we will consider the rotational flow. Neglecting 
the dissipative term in the integral relation of the energy 
equation (20), we obtain 
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We take into account that the rotational flow is real-

ized according to the law of a solid body const
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and then equation (26) is transformed to 
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We introduce the intermediate notation: 
 

**
t y  , 

  
 

2
2 1

2 1
11 2

л

1

1 2 2

m

m
mm

p

xxm

m m x
B

J C






  
 

     
     
 

. 

Then 

2 2

1 1

0
m m

dy y B

dR R
R y 

   . 



 
 
 

Авиационная и ракетно-космическая техника 
 

 371

This equation is solved by the substitution method, 
where y u  : 

2 2 2

1 1 1m m m

du d B
u u

dR dR R
u R  

 
  



, 

2 2 2

1 1 1m m m

d du B
u

dR R dR
u R  

      
 



. 

The function   must satisfy the condition 

0
d

dR R

 
  , then 

1

R
  , where 

 
 

23

1
3

2 1

m

m
BR m

u
m








, 

 
 

23
** 1

31

2 1

m

mt

BR m
y

R m





   


 

 
 

123
11

3
,

2 1

mm
mm

BR m
R

m

    





               (28) 

  
 

 

 

2

1

2
2 1

3

1

1
1 2

л 1
** 1

1

1 2 2
3

.
2 1

m
p

m

m

m

m
m

m

m
t

J C

xxm

m m x
m

R
m















 

 

  
 

     
   
   


 

With the provision for the heat transfer law equations 
(14) and the resulting equation for the energy loss thick-
ness (28), we determine the Stanton criterion for rota-
tional flow according to the law of a solid body of the 
power-law distribution profile of the temperature bound-
ary layer and Pr < 1: 
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After the transformation and considering Prandtl’s cri-

teria Pr pC 
  

 and Reynold’s Re ,
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  
 the local 

heat transfer coefficient in the form of the Stanton crite-
rion for rotational flow according to the law of a solid 
body for the case Pr < 1 can be defined as: 
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          (30) 

Next, the rotational flow will be considered, which is 
carried out according to the free vortex 
law  constUR C  , in this case, the energy equation 

integral relation (26) takes the form 
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  (31) 

After replacement: 
**
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we solve the equation (31) similarly to the case of rota-
tional flow according to the law of a solid body for Pr < 1 
by substitution y u  , where 
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R
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1
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Then the energy loss thickness is determined as 
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or, after substitution: 
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Substituting the equation for determining the energy 
loss thickness (34) in the equation of the heat transfer law 
(14), we obtain 
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(35) 

After transformations and with regard to the Prandtl 

Pr pC 
  

 and Reynolds criteria Re ,
U  

  
 we 

determine the local heat transfer coefficient in the form of 
the Stanton criterion for rotational flow according to the 
law of the free vortex for the case Pr < 1: 
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.   (36) 

Thus, the equations for the local heat transfer coeffi-
cient are determined in the form of the Stanton criterion 
for various laws of the external flow for the power-law 
profile of the velocity distribution in the boundary layer 
for the case Pr < 1. 

In fig. 3 shows the influence of the Prandtl criterion 
on friction and heat transfer according to various studies 
[29]. In the range of Prandtl number values Pr > 1, the 
obtained theoretical dependences for dimensionless heat 
transfer coefficients in the form of Stanton criteria, taking 
into account the integral relation of the energy equation, 
are in good agreement with the results of other authors.  
Cf represents the friction coefficient. 

The heat transfer coefficient in the form of the Nusselt 
criterion is a product of the criteria of Stanton, Reynolds 
and Prandtl RePrNu St . 

The distribution graph of the dimensionless heat 
transfer coefficient in the form of the Nusselt criterion 
for turbulent rotational flow according to the solid body 
law with the Prandtl criterion Pr = 0.7 is shown in fig. 4. 
The theoretical dependence determined by the model 
with a convective component gives the best agreement 
with the results of experimental studies and does not 
exceed 3.5 %. Also, the best convergence of the results 
determined by the model with the convective component 
is given by the theoretical dependence obtained by the 
affine-like model and the theoretical dependence  
obtained by J. M. Owen [30] and do not exceed 1.5 and 
2.66 % respectively. 

Discrepancy of theoretical data obtained by theoretical 
dependence using a model with a convective component 
with a dependence obtained by I. V. Shevchuk [31] ac-
counted for 9.5 %. A discrepancy with the dependence 
obtained L. A. Dorfman [32] is 16.7 %.  

 
 

 
 

Fig. 3. Comparison of various theories of the analogy between friction  
and heat transfer in turbulent flows at Re = 107 

 

Рис. 3. Сравнение различных теорий аналогии между трением  
и теплообменом в турбулентных потоках при Re = 107 
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Fig. 4. The dependence of the dimensionless heat transfer coefficient  
of turbulent rotational flow according to the law of a solid body at Pr = 0.7 

 
Рис. 4. Зависимость безразмерного коэффициента теплоотдачи турбулентного  

вращательного течения по закону твердого тела при Pr = 0,7 
 
 
 

 
 

Fig. 5. The dependence of the dimensionless heat transfer coefficient  
of a turbulent rotational flow according to the free vortex law at Pr = 0.7 

 
Рис. 5. Зависимость безразмерного коэффициента теплоотдачи турбулентного  

вращательного течения по закону свободного вихря при Pr = 0,7 
 

 
In fig. 5 shows a distribution graph of the dimen-

sionless heat transfer coefficient in the form of the Nus-
selt criterion for the turbulent potential rotational flow 
according to the law of the free vortex under the Prandtl 
criterion Pr = 0.7. The theoretical dependence, which was 
determined by the model with a convective component, is 

in good agreement with the results of experimental studies 
and does not exceed 5 %. 

The discrepancy between the theoretical data obtained 
from the theoretical dependence using the model with the 
convective component and the model with affine-like 
profiles does not exceed 3.5 %. The theoretical depend-
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ences obtained from the distribution models of the tem-
perature and dynamic boundary layers with a convective 
component and with affine-like profiles at Pr = 0.7 give 
fairly close results, due to the close similarity of the dis-
tribution of the temperature and dynamic layers, and are 
close to the case Pr = 1. 

From the fig. 5 graph we can conclude that the ob-
tained theoretical dependences are in the region deter-
mined by other authors, but the comparison of the results 
is not correct, since the theoretical dependences were ob-
tained for other boundary conditions of the potential rota-
tional flow according to the law of the free vortex. 

The obtained theoretical dependencies and the de-
pendences of other authors are in the same range and are 
suitable for engineering calculations and data analysis. It 
should be noted that the boundary conditions of flow and 
heat transfer, such as speed, viscosity, density and tem-
perature gradient of the working fluid and heat transfer 
surface, significantly affect the dimensionless heat trans-
fer coefficient in the form of the Nusselt criterion. 

Conclusion. The integral relationship of the energy 
equation of the spatial boundary layer temperature, allow-
ing integration over the surface of any shape, which is 
necessary to determine the energy loss thickness, was 
obtained. The equations for determining the energy loss 
thickness of the spatial boundary layer temperature are 
necessary to determine the local heat transfer coefficients 
for typical flow cases taking into account heat transfer. 

The equations for determining the local heat transfer 
coefficient in the form of the Stanton criterion for a recti-
linear uniform flow, a rotational flow according to the law 
of a solid body, and a free vortex rotational flow of a 
power-law profile of the dynamic and temperature bound-
ary layer  distribution  parameters for the case Pr < 1 were 
obtained analytically. 

The analytical equations for the heat transfer coeffi-
cients are in good agreement with the experimental data 
and dependences of other authors. 
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