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ABSTRACT: The comprehensive performance of steam condensation in horizontal rotating channels, which 
involves a trade-off between heat transfer enhancement and flow resistance, lacks a unified evaluation criterion. 
This deficiency is particularly critical for applications such as a multi-channel cylinder dryer (MCD) in paper 
machines, where rotational operation enhances drying efficiency. To address this gap, this study introduces a novel 
dimensionless index, W/Eu, defined as the ratio of the dimensionless heat transfer coefficient (W) to the dimension-
less pressure drop (Eu), thereby taking into account both heat transfer and flow resistance characteristics compre-
hensively. A functional relationship for this index was established with respect to channel spacing (Wr) and steam 
mass flux (G), followed by a theoretical optimization analysis. 

	 The analysis reveals that W/Eu decreases monotonically as Wr increases and increases monotonically as G 
increases, ultimately diverging as G → ∞. Consequently, for any given operational range, the theoretical maximum 
performance is achieved at the boundary condition of minimum channel spacing (Wr → 0) and maximum allowable 
mass flux (G = Gmax). This work provides a clear theoretical directive for the design and optimization of high-efficien-
cy rotating heat exchanger systems, offering valuable insights for enhancing the drying performance of microchan-
nel dryers in paper machines and similar rotary thermal systems.

	 Application: This work provides theoretical guidance for the design of next-generation MCD, while also paving 
the way for more efficient and sustainable paper production technologies.
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As an energy-intensive industry, the paper manufac-
turing sector consumes over 50% of its total op-
erational energy in the drying section alone. Thus, 

improving the efficiency of the drying cylinder, its core 
component, is vital for the industry’s green transformation. 
Previous researchers have proposed a novel, highly effi-
cient, and energy-saving multi-channel cylinder dryer 
(MCD) [1]. A series of small rectangular channels are even-
ly distributed inside the cylinder wall, as shown in Fig. 1. 
The steam could flow inside the channels and heat the cyl-
inder wall. The small rectangular channels could not only 
increase the heat exchange areas, but also break the con-
densate ring formed during the steam, releasing heat and 
being condensed; achieving heat transfer coefficients 7–20 
times higher than conventional dryers; and demonstrating 
significant energy-saving potential [2]. However, under ac-
tual operating conditions, each channel rotates about the 
central axis of the cylinder, as illustrated in Fig. 1. The Co-
riolis force and centrifugal force generated during rotation 
fundamentally alter the vapor-liquid interface. This causes 

steam velocity, flow resistance, and condensation behavior 
to deviate significantly from static conditions, rendering 
heat transfer correlations derived under static conditions 
inadequate for accurate design. While existing research on 
rotating channel heat transfer has focused primarily on tur-
bine cooling and thermosiphon tubes, investigations into 
steam condensation characteristics remain scarce. Given 
that channel spacing is a critical geometric parameter, a 
thorough exploration of steam condensation mechanisms 
under rotational conditions is of significant theoretical and 
engineering value for optimizing MCD structural design 
and enhancing drying energy efficiency.

Previous studies have elucidated several key factors in-
fluencing condensation heat transfer, including mass flux 
[3-5], channel aspect ratio [6-8], and saturation temperature 
[9,10]. Wang et al. [11] observed that the aspect ratio of chan-
nels positively correlates with the condenser’s Nusselt num-
ber but negatively correlates with the evaporator’s thermal 
resistance. In contrast, Chiu et al. [12] demonstrated that 
reducing the aspect ratio enhances the condensation heat 
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transfer coefficient; however, they also noted that the as-
sociated increase in pressure drop is more pronounced in 
channels with higher aspect ratios, which in turn further 
boosts heat transfer performance. Addressing this complex-
ity, Pan et al. [13] found that microchannel heat exchangers 
exhibit optimal performance at a specific aspect ratio, a 
value that varies depending on the working fluid and ma-
terial properties. Expanding on geometric factors, Ahmad 
et al. [14] showed that certain optimizations, such as in-
creasing the amplitude-to-wavelength ratio or reducing the 
wavelength-to-fin length ratio, can adversely impact two-
phase heat transfer. 

Numerical simulations by Pan et al. [13] further con-
firmed that manifold microchannel heat sinks attain peak 
efficiency at a specific, fluid- and material-dependent as-
pect ratio. They reported that this optimal value increases 
with higher wall thermal conductivity and fluid viscosity, 
while it decreases with increasing specific heat and thermal 
conductivity of the working fluid. Beyond aspect ratio, 
other geometric parameters like spacing are crucial. Li et 
al. [15] explored how inner tube spacing affects heat stor-
age systems, determining that a 20-mm spacing yielded 
optimal charging and discharging efficiency. Similarly, 
Zhang et al. [16], in their study of heat pipe exchangers, 
recommended using medium tube diameters and minimal 
spacing to improve performance.

Regarding operational parameters, Sun et al. [17] found 
that increasing the mass flow rate significantly improves 
the condensation heat transfer coefficient, with values ris-
ing from 28.6 to 45.8 kW/(m²·K) as the flow rate increased 
from 0.029 to 0.072 kg/s. These findings were corroborated 
by Ammar et al. [18,19], who also confirmed the positive 
effect of an increased mass flow rate. In the context of ro-
tation, Wang et al. [20,21] experimentally showed that high-
er rotation speeds enhance heat transfer while concurrent-
ly reducing pressure drop, and they proposed a new 
empirical correlation to predict this behavior.

Despite a growing interest in condensation heat transfer 
within horizontal rotating channels, the influence of chan-
nel spacing on steam condensation performance remains 
insufficiently explored. Moreover, a unified metric that in-
tegrates both heat transfer efficiency and flow resistance to 
provide a comprehensive evaluation of condensation per-
formance is currently lacking. To bridge these critical gaps, 
the present study introduces a novel dimensionless param-
eter, grounded in similarity principles, which serves as a 
comprehensive index reflecting the combined effects of 
channel spacing and mass flux. Accordingly, a functional 
relationship for this index is derived, and its response to 
varying design parameters is systematically analyzed. This 
aims to provide theoretical foundations and technical guid-
ance for structural optimization and operational parameter 
selection in MCDs for paper machines.

DESCRIPTION OF EXPERIMENTAL 
APPARATUS

The test apparatus comprises a steam circulation system 
and a cooling water circulation system, designed to inves-
tigate the condensation heat transfer characteristics of 
steam in channels during rotation. The cooling water cir-
culation system simulates a wet paper, operating at a flow 
rate of 200 kg/h and a temperature of 20°C. The entire 
system employs a rotating mechanism to replicate the op-
erational conditions of an actual drying cylinder. The ra-
dius of the rotating device is 400 mm and the length of 
channel is 1100 mm. The schematic diagram of the exper-
imental apparatus and the site photo of the experimental 
apparatus are shown in Fig. 2a and Fig. 2b, respectively.

The experimental section serves as the core region of 
the entire apparatus, where the primary steam condensing 
process occurs. Sixteen temperature sensors are installed 
within the cooling water channel, wall, and steam channel 
of the experimental test section to directly measure cool-
ing water temperature, wall temperature, and steam tem-

1. Schematic diagram of multi-channel cylinder dryer (MCD).
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(a) 

(b) 

2. (a) Schematic diagram of the experimental apparatus, and (b) site photo of the experimental apparatus.
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perature. Two pressure sensors are installed at the inlet 
and outlet of the steam channel in the experimental section 
to detect inlet and outlet steam pressures. The arrange-
ment of pressure sensors and temperature sensors is 
shown in Fig. 3.

 The rotational speed, n, range in this experiment is 
50~100 rpm, corresponding to an angular velocity, ω, range 
of 5.236~10.742 rad/s. The steam mass flow rate G is set 
within the range of 50~80 kg/(m2·s). Some scholars have 
demonstrated that channels with an aspect ratio, rHW, of 
1:3 exhibit optimal heat transfer performance in static con-
ditions. Based on this, the experimental channel aspect 
ratio is set within the range of 1:2 to 1:4.

 Since the entire experimental section was almost ther-
mally insulated, heat loss to the environment during heat 
exchange was less than 5%. Therefore, the heat loss from 
the experimental section can be neglected. The heat re-
leased by the steam equals the heat absorbed by the cool-
ing water:

    (1)

where:
Qs,i:  	 heat released by each portion of steam (J)
Qw,i: 	 heat absorbed by each portion of cooling water (J)

 
The formula for calculating the heat absorbed by the 

cooling water is:

(2)

where:
cp:	 specific heat capacity of cooling water (J·kg-¹·K-¹)

mw:		  mass flow rate of cooling water (kg·s-¹)
Tw,i and Tw,i+1: 	� inlet and outlet temperatures of each sec-

tion of cooling water (°C)

 The heat released by steam in each section is given by:

(3)

where:
Ac,: 	 heat transfer area of each test section (m2)
hi:	� heat transfer coefficient for steam condensation in 

each section (W·m-²·K-¹)
Ts,m,i: 	 steam temperature of each section (°C)
Twall,i:	 wall temperature (°C) of each section

 The local condensation heat transfer coefficient in the 
channel is calculated as follows:

(4)

The total pressure drop is calculated by the difference 
between the two pressure sensors, which comprises these 
components: the gravitation pressure drop (∆Pgr); the ac-
celeration pressure drop (∆Pac);  friction pressure drop 
(∆P); and local pressure drop due to inlet sudden contrac-
tion (∆Pin) and outlet sudden expansion (∆Pout). The friction 
pressure drop ∆P is used as the pressure drop parameter 
for subsequent analysis. Since the channel remains hori-
zontal throughout with no elevation difference between 
inlet and outlet, gravitation pressure drop is disregarded. 
The pressure drop caused by the combined effects of cen-
trifugal force and gravity is calculated as acceleration pres-

3. Schematic diagram of temperature and pressure distribution measurement points as discussed in the Experimental Apparatus 
section.
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sure drop. The calculation of each component pressure 
drop is shown in Eq. 5. 

(5)

(6)

(7)

(8)

where:
r:	 relative position of the fluid (mm)
V(r):	 relative velocity of the fluid (m/s)
gc:	 gravitational acceleration vector
G:	 steam mass flux (kg·m-²·s-¹)
ρv:	 saturated steam density (kg/m³)
ρ:	 saturated water density (kg/m³)
x:	 steam dryness (%)
σ1:	� ratio of connecting pipe cross-sectional area to 

inlet cross-sectional area
α:	 gas content fraction (%)
σ2:	� ratio of connecting pipe cross-sectional area to 

outlet cross-sectional area

The measurement instruments and their accuracies used 
in this experiment are shown in Table I.

 The uncertainty calculation formula is as follows, with 
the uncertainties of each parameter shown in Table II.

(9)

 To validate the measurement accuracy of the experi-
mental section and the reliability of the test apparatus, con-

4. Comparison of experimental results with Cavallini correlation.

5. Comparison of experimental result with KIM correlation for 
rectangular channel.

Measurement  
Instrument

Model Accuracy

Temperature sensor PT100 ±0.25%

Pressure transmitter PCM300 ±0.5%

 Turbine flow meter
Omega-FLR1009-

BR-D
±1%

Glass rotameter LZB-25 1.5%

I. Experimental instruments and accuracy. II. Uncertainty of each parameter.

Parameter  Uncertainty

Steam Temperature, °C  ±0.77%

Cooling water temperature, °C  ±0.77%

Wall temperature, °C  ±0.77%

Steam flux, kg/(m²·s)  ±0.95%

Steam dryness  ±9.51%

Condensation heat transfer  
coefficient, W/(m²·K)

 ±7.65%

Nusselt number ±13.97%

Pressure drop, kPa  ±3.6%
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densation heat transfer and pressure drop experiments 
were conducted in a stationary channel [22,23]. The com-
parison results are shown in Fig. 4 and Fig. 5. As seen in 
the figures, most data errors are within 20%, indicating that 
the reliability of the test apparatus meets the requirements.

MODEL DEVELOPMENT
The dryer unit under investigation is modeled as a cylindri-
cal shell with an outer diameter (Φ1) of 800 mm and an axial 
length (Lx) of 1100 mm, as depicted in Fig. 6a. Uniformly 
embedded within the cylindrical surface is an array of nar-
row rectangular channels, each defined by a width Wc and 
height H. These channels form a series of parallel passages 
designed for steam flow and condensation, as shown sche-
matically in Fig. 6b. 

Due to the curvature of the cylindrical shell, a slight 
geometric asymmetry exists in the spacing between adja-
cent channels, where the upper gap (Wr1) differs from the 
lower gap (Wr2). However, since the inner diameter of the 
shell Φ2 is significantly larger than the individual channel 
dimensions, this distortion is considered negligible. There-
fore, to simplify the model without compromising accuracy, 
a uniform spacing is assumed, where Wr1=Wr2=Wr. This 
value, Wr1, is adopted as the average inter-channel spacing 
for all subsequent analyses.

The overall performance of steam condensation within 
a horizontally rotating channel is primarily governed by 
two key parameters: steam mass flux and inter-channel 

spacing. Effective optimization of these parameters is cru-
cial for maximizing heat transfer while simultaneously min-
imizing the associated pressure losses. However, existing 
studies typically evaluate these effects in isolation, focusing 
on either the condensation heat transfer coefficient or the 
pressure drop. A unified criterion that accounts for both 
factors concurrently is conspicuously absent. This gap un-
derscores the need for a comprehensive performance met-
ric capable of evaluating the system’s overall efficiency by 
integrating its thermal and hydraulic characteristics.

In the MCD, the role of inter-channel spacing is particu-
larly critical. Heat exchange occurs not only through the 
channel walls but also via lateral conduction across adjacent 
channels, a mechanism in which the spacing plays a non-
negligible role. Furthermore, for a given rotation radius, the 
number of channels is geometrically coupled with the chan-
nel spacing. Consequently, this single geometric parameter 
simultaneously influences both the total available heat 
transfer area and the system pressure drop. Therefore, to 
properly account for these coupled effects, this study pro-
poses a novel dimensionless evaluation index based on 
similarity theory. This new index is designed to replace the 
conventional single-channel Nusselt number, as it holisti-
cally captures the combined influence of mass flux and 
channel spacing and serves as a comprehensive descriptor 
of the thermo-hydraulic performance in rotating channels.

The macroscopic motion of a fluid, fundamentally gov-
erned by Newton’s second law, adheres to the principles of 
mechanical similarity. This foundation enables the use of 
pressure-based similarity analysis to characterize flows 
with analogous pressure dynamics. The central criterion in 
this analysis is the Euler number (Eu), which defines the 
ratio of pressure forces acting on a fluid element. It is ex-
pressed as:

(10)

where:
P:	 fluid pressure (Pa)
ρ:	 fluid density (kg/m3)
v:	 fluid velocity (m/s)

The pressure similarity criterion dictates that fluid ele-
ments are subjected to dynamically equivalent pressure ef-
fects when their respective Euler numbers are identical. Con-
sequently, by utilizing the pressure differential (ΔP) in its 
formulation, the Euler number is adopted in this study as the 
characteristic descriptor for flow-induced pressure drop.

For the thermal aspect of the analysis, the governing 
heat transfer relationship is expressed as:

(11)

where:
k:	 overall heat transfer coefficient (W·m-2·K-1)

6. (a) Schematic diagram of the dimensions of the multi-channel 
dryer, and (b) enlarged view of channel structure.

(a) 

(b) 
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Based on Fourier’s law of heat conduction, which estab-
lishes the fundamental relationship between heat transfer 
and temperature gradients, the local heat flux is given by:

(12)

where:
xi:	 heat exchanger wall position coordinates.

  :	� change rate of fluid temperature in the direction 
normal to the heat exchanger wall surface.

Under the principle of energy conservation at the inter-
face, the net heat transferred must equal the heat conduct-
ed through the adjacent wall boundary layer. Therefore, 
combining the expressions in Eq. 11 and Eq. 12 yields the 
following relationship:

(13)

where:
λ:	 integrated thermal conductivity of wall and liquid

Suppose two independent heat transfer processes ex-
hibit geometric and physical similarity:

(14)

Following the principle of similarity, a direct proportion-
ality must exist between the corresponding physical param-
eters of the two systems. This relationship is expressed as:

(15)

Substituting Eq. 15 into Eq. 14 gives:

(16)

Comparing Eq. 14 and Eq. 16, it can be obtained:

(17)

Since the left side of Eq. 17 equals a constant, it has:

(18)

Substituting Eq. 15 into Eq. 17, gives:

(19)

That is:

(20)

A new dimensionless number, W, is therefore introduced 
to holistically characterize the variation in total heat trans-
fer performance within horizontally rotating channels, de-
fined as:

(21)

(22)

(23)

(24)

(25)

(26)

where:
λwall:	 thermal conductivity of the wall (W·m-2·K-1). 
λliq:	 thermal conductivity of the fluid (W·m-2·K-1)
Dh:	 hydraulic diameter of the channel (m)
As1:	� area of heat exchange through the main wall of 

the cylinder (m2)
As2:	� area of heat transfer through the channel’s side 

wall (m2)
ηf:	� efficiency factor of side-wall heat transfer. Given 

the analogy between side-wall 		
ehancement and rib-augmented heat transfer, the 
efficiency is approximated 		   
using a rectangular rib model, with ηf = 0.6.

N:	� number of rectangular channels inside the cylinder.

By integrating the preceding thermal and hydraulic 
analyses, it can be seen that W represents the dimension-
less value of the heat transfer coefficient within the chan-
nel, while Eu represents the dimensionless value of the 
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pressure drop within the channel. To maximize the heat 
transfer coefficient and minimize the flow pressure drop 
within the channel, this study proposes the ratio W/Eu 
as a unified, dimensionless performance index. This 
index is designed to holistically evaluate the system by 
simultaneously accounting for both condensation heat 

transfer and flow resistance characteristics within the ro-
tating channel.

RESULTS AND DISCUSSION
Figure 7 illustrates the comprehensive thermo-hydraulic 
performance index, W/Eu, as a function of key operational 

7. Variation of W/Eu under different mass flux: (a) 50 rpm; (b): 60 rpm); (c): 70 rpm; (d): 80 rpm; and (e) 90 rpm.

(a)

(c)

(b)

(d)

(e)
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parameters. A consistent observation across all rotating 
speeds is that the 1:4 aspect ratio channel yields the lowest 
W/Eu value (specifically at a mass flux of 50 kg·m-2·s-1), 
whereas the 1:3 channel achieves the highest W/Eu value 
(at a mass flux of 80 kg·m-2·s-1). This can be explained by 
the trade-off between heat transfer and pressure drop, as 
detailed in a previous study [24]. The 1:4 channel exhibits 
the highest heat transfer coefficient but suffers from a dis-
proportionately large pressure drop. In contrast, the 1:3 
channel provides a heat transfer coefficient nearly as high 
but with significantly lower flow resistance. The 1:2 chan-
nel shows moderate performance in both aspects. Conse-
quently, according to the definition of W/Eu, the 1:3 chan-
nel, with its more favorable balance of relatively high heat 
transfer and lower pressure drop, demonstrates a superior 
overall performance index.

The influence of rotational speed on the 1:3 channel’s per-
formance is most notable at a low mass flux (G = 50 kg·m-2·s-1), 
where W/Eu first increases and then decreases, though the 
overall variation is not significant. This trend directly mir-
rors the behavior of its heat transfer coefficient, which fol-
lows the same non-monotonic pattern with increasing rota-
tional speed, while its pressure drop decreases 
monotonically [24]. As W/Eu represents the ratio of these 
two competing factors, its resulting trend is non-monotonic.

For the 1:2 aspect ratio channel, the W/Eu index increas-
es substantially with rotational speed at a mass flux of 50 
kg·m-2·s-1; however, this increase is much more gradual at 
higher mass fluxes. The significant rise at G = 50 is attrib-
uted to the pressure drop diminishing to a very low level 
at high rotating speeds while the heat transfer coefficient 
increases monotonically [20]. This combination of a rap-
idly falling denominator and a rising numerator causes the 
marked increase in W/Eu. At other mass fluxes, although 
the pressure drop also decreases monotonically with speed, 
its magnitude remains larger compared to the G=50 case. 
Since the heat transfer coefficients do not differ substan-
tially across the various mass fluxes, the growth of W/Eu 
in these other cases is less pronounced.

The performance of the 1:4 aspect ratio channel shows 
a strong dependence on mass flux. At low mass fluxes,  
W/Eu remains largely insensitive to changes in rotational 
speed. This is because the heat transfer coefficient exhibits 
a slight non-monotonic trend while the pressure drop, 
though decreasing, changes by a smaller magnitude com-
pared to its behavior at high mass fluxes [24]. As a result, 
W/Eu fluctuates within a very narrow range. As the mass 
flux increases to 70 and then 80 kg·m-2·s-1, the pressure 
drop at low rotating speeds becomes much more signifi-
cant. Consequently, as the rotational speed increases, the 
resulting reduction in pressure drop causes the W/Eu index 
to exhibit a more pronounced fluctuating trend or a sig-
nificant monotonic increase.

A consistent, though minor, trend observed in all ex-
perimental cases is the slight decrease in W/Eu with an 

increase in channel spacing, Wr. This phenomenon occurs 
because an increase in Wr elevates the channel’s thermal 
resistance, which in turn slightly reduces the heat transfer 
coefficient. Since variations in Wr do not affect the pressure 
drop, the W/Eu index shows a marginal, monotonically de-
creasing trend driven solely by the change in thermal per-
formance.

In this section, a qualitative analysis of the variation of 
W/Eu with channel aspect ratio, mass flux, rotational speed, 
and channel spacing has been conducted. To achieve a 
complete optimization of the flow and heat transfer within 
the channel, a rigorous quantitative analysis is necessary. 

ANALYSIS AND OPTIMIZATION OF 
COMPREHENSIVE EVALUATION INDEX

This section will focus on constructing a mathematical 
model that expresses the relationship between W/Eu and 
mass flux channel spacing. Then a first-order optimization 
analysis to obtain a specific, optimal design scheme is sub-
jected.

Functional formulation of comprehensive  
evaluation index

Based on the preceding definitions of the Euler number 
(Eu) and the dimensionless parameter W, the comprehen-
sive performance indicator, W/Eu, is formulated as the ratio 
of these two quantities:

(27)

rHW is the ratio of channel height H to channel width W, 
and it is defined as follows:

(28)

Then, the hydraulic diameter Dh can be expressed as:

(29)

Drawing upon established empirical models from previ-
ous studies [20,21], the condensation heat transfer coeffi-
cient, hc, and pressure drop, ΔP, within a single channel 
can be approximated by the following functional forms:

(30)

(31)



PAPERMAKING

MAY 2026 | VOL. 25 NO. 5 | TAPPI JOURNAL  319

Additionally, it is known that:

(32)

where:
G:	 steam mass flux (kg·m-2·s-1)

By substituting Eq. 13 and Eq. 32 into Eq. 27, the expres-
sion for W/Eu becomes:

(33)

where: 
A0 – A9:	  composite coefficients independent of G and Wr 

(34)	

Analysis and optimization based on first-order 
optimization process

To examine the response of the comprehensive evalu-
ation index, W/Eu, to variations in channel spacing (Wr) 
and steam mass flux (G), a first-order optimization pro-
cess was performed. This approach involves deriving 
the partial derivatives of the index with respect to each 
parameter, which facilitates the identification of theo-
retical maxima.

For the analysis of the channel spacing’s effect, Wr is 
treated as the sole independent variable while all other pa-
rameters are held constant. Under these conditions, the 
simplified functional form of the index is:

(35)

where:

(36)

A partial derivative function for Wr is obtained:

(37)

Since all system constants and physical properties in-
volved are positive, coefficients A0 – A9 and B0 – B4 are all 
strictly positive. Because the denominator of Eq. 36 remains 
positive, the numerator for all Wr>0 is: 

(38)

Thus, the partial derivative, , is always less than zero 
for any Wr >0. This result indicates that the function W/Eu 
decreases monotonically with respect to Wr. Consequently, 
its theoretical maximum is attained as Wr approaches zero 
(Wr→0).

 
(39)

Similarly, when analyzing the influence of the mass flux, 
G, it is treated as the sole independent variable while all 
other parameters are held constant. In this case, Eq. 39 can 
be simplified to the following form:

(40)
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where:

(41)

A partial derivative function for G is obtained:

(42)

It is evident that the denominator of Eq. 42 is always 
positive. The analysis therefore focuses on the numerator, 
for which the condition G>0:

(43)

Both the thermal function, fh(G), and the hydraulic 
function, fP(G), exhibit a power-law dependence on the 
mass flux G. These relationships can be expressed as:

(44)

where:
a, b:	� index of G, which is related to the other variables, 

but has a range of values:
a ∈[–0.13,0.19]
b ∈[–0.196,0.376] 
–2<a<b<1
D1, D2:	� functions associated with other variables are con-

sidered as constants.

Substituting Eq. 44 into Eq. 43 gives:

(45)

Given the established conditions that b<2<(2+a) and  
Ga-1<Ga for any G>1, the numerator is consequently always 
positive. This result implies that:

(46)

Thus, the partial derivative  is always greater than 
zero for any G>1. This result indicates that for all practical 
conditions where the mass flux exceeds unity, the perfor-
mance index W/Eu increases monotonically with respect 
to G. Therefore, its theoretical maximum is achieved as G 
approaches infinity(G→∞).

(47)

That is, W/Eu diverges with respect to G. In summary, 
since the W/Eu index exhibits a monotonic dependence on 
both Wr and G, no internal optimal point exists within the 
defined parameter space. The theoretical maximum must 
therefore lie at the boundary condition defined by:

(48)

That is, within the constraints of the operational do-
main, the W/Eu index attains its maximum value as Wr→0 
and G approaches its upper bound, Gmax.

CONCLUSION
In this study, a theoretical framework for evaluating the 
comprehensive thermo-hydraulic performance of conden-
sation in horizontal rotating channels was established. A 
novel dimensionless index, W/Eu, was formulated as a 
function of key design parameters, namely channel spac-
ing (Wr) and steam mass flux (G) through a rigorous first-
order optimization process and the response of this index 
to variations in these parameters was determined, reveal-
ing the conditions for optimal performance.

The analysis demonstrated that the W/Eu index exhibits 
a clear monotonic dependence on both variables. Specifi-
cally, the index decreases monotonically as channel spacing 
(Wr) increases, indicating that its theoretical maximum is 
achieved as Wr approaches zero. Conversely, the index in-
creases monotonically with steam mass flux (G), ultimately 
diverging as G approaches infinity.

These findings lead to a definitive conclusion for sys-
tem optimization: within a given operational domain, the 
theoretical maximum for the comprehensive performance 
index, W/Eu, is located at the boundary condition of 
Wr→0 and G→Gmax. This implies that for the practical 
design of horizontal rotating heat exchangers, maximiz-
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ing the overall flow and heat transfer performance is 
achieved by minimizing the inter-channel spacing and 
maximizing the steam mass flux, subject to the con-
straints of mechanical strength and operational feasibil-
ity. This work provides theoretical guidance for the de-
sign of a next-generation multi-channel cylinder dryer, 
while also paving the way for more efficient and sustain-
able paper production technologies.
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